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Many clinical procedures involve the use of minimally invasive devices such as needles
and catheters. Providing increased information about tissues that are adjacent to
the device tips could reduce the probability of complications in these procedures.
Optical ﬁbres are well suited for integration into medical devices and they can be
used to provide information relevant to tissue characterisation.
This dissertation is centred on the integration of optical ﬁbres into needles and
catheters to obtain information about haemoglobin. In two studies, reﬂectance spec-
troscopy was performed. Two optical ﬁbre geometries were tested, and for each,
Monte Carlo simulations were used to estimate the reﬂectance values and the pho-
ton penetration depths. In the ﬁrst study, reﬂectance spectroscopy was performed
with a double clad ﬁbre. Experiments using expired human red blood cells were
performed to determine the sensitivity of the measurements to oxygen saturation
variation at physiological levels. Distinction between normal oxygen saturation val-
ues in veins and arteries was possible, making this ﬁbre potentially useful to verify
needle placement during a venous catheterisation or during a transseptal puncture.
In the second study, two polymer optical light ﬁbres were directly integrated into an
epidural catheter. This optical catheter was tested during an ex-vivo swine laminec-
tomy in the lumbar region. Another ex-vivo experiment was performed on chicken
wings to discern blood vessels from other tissues. This information could be used
during anaesthesic procedures to reduce the risk of toxicity from an intravascular
injection.
With reﬂectance spectroscopy, the depth in tissue from which signal is obtained
is limited by the inter-ﬁbre distance. This limitation motivated a third study, in
which photoacoustic imaging was used to obtain image contrast for haemoglobin.
The results of the three studies suggest that the integration of optical ﬁbres
into medical devices during minimally invasive procedures can allow for clinically
5relevant measurements of tissue properties in real-time.
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Motivation
Open surgery is a procedure involving incisions or punctures large enough to access
a cavity of a patient’s body. Although direct visualization during surgery gives sur-
geons control over the target and instruments, surgery is traumatic to the patient,
involving high-risk procedures that may endanger the patient’s life, and which re-
quire a substantial period of time for recovery. While risks associated with open
surgery depend on the procedure, there are potential complications common to all
types of surgery, such as excess bleeding and accidental tissue damage [Kama et al.,
2001; Nuttall et al., 2000].
Minimally invasive procedures, which require a minute incision into the body,
are being widely explored as alternatives to open surgery, resulting in less trauma
to the patient and shorter convalescence periods [Kehlet and Wilmore, 2002; Hu
et al., 2009]. During these procedures, an instrument enters the body through
a small incision or opening, and is monitored and manoeuvred from the outside.
For instance, a number of cardiac procedures such as radio-frequency ablation for
atrial ﬁbrillation 1, percutaneous repair of atrial septal defect 2, and advance aid for
devices sent to mitral valves repair [Babaliaros et al., 2008] make use of catheters and
needles to get access to the heart. Another example of invasive procedures are needle
biopsies that provide information when evaluating suspicious masses through the ex-
situ interrogation of samples aspirated directly out of the patient’s tissue [Crockett,
2011; Meloni et al., 2002; Boschiero et al., 1992]. Cannulas and needles also enable
the practising clinician to reach otherwise inaccessible regions of the patient’s body
during anaesthetic and analgesic techniques. In this case, a drug is injected into
1Atrial ﬁbrillation is a condition in which an abnormal heart rhythm is present due to disorgan-
ised electrical impulses.
2Atrial septal defect refers to a congenital defect in which the foramen ovale, a hole between the
atria that bypass the lungs in the fetus heart, was not entirely closed after birth.
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tissue surrounding nerves, the epidural space, or into a vein in order to prepare the
patient for surgery, or to mitigate pain [The Royal College of Anaesthetists].
The use of interventional devices comes at the cost of losing visibility and con-
trol over the tools inserted into the patient. Some procedures such as laparoscopy
commonly introduce probes up to 12 mm in diameter [McKay and Blake, 2006]
which provide a relatively large ﬁeld of view that enables the use of a lens and CCD
detector to acquire an image of tissue at the distal end. However, management of
smaller probes such as needles and catheters require additional equipment for their
correct placement, such as ultrasound or X-ray imaging systems.
There are several potential risks linked to needle and catheter misplacement such
as complications derived from pseudoaneurysm 3 and bleeding that may occur during
cardiac catheterisation [Chandrasekar et al., 2001; Cale and Constantino, 2012], and
nerve puncture and systemic toxicity during anaesthesiology procedures 4.T h e r e -
fore, to obtain the full beneﬁts of minimally invasive interventions and anaesthetic
and analgesic techniques, the physician must not only correctly guide the interven-
tion tools towards their target, but also be in complete control of the instrument
when navigating through critical structures in the intervention path. Because of
their widespread use, increasing placement accuracy by determining information
about the tissue at the distal end of these devices would considerably improve the
quality of health care and reduce the probability of tissue damage.
Many directions have been taken in creating novel technologies for visualizing the
placement and location of invasive probes. Examples of these technologies include
ultrasound and X-radiography. X-radiography produces images by sending an X-ray
to the body and detecting the non absorbed signal, while ultrasound imaging, on
the other hand, delivers high frequency sound waves and processes the signal from
the waves being reﬂected by the tissue. X-ray and ultrasound guided placement is
routine in critical interventions on many organs such as the liver, brain, pancreas
kidney, lungs, and diverse types of biopsies; this guidance is also commonly used
during operations where ﬂuid aspiration, agent injection, catheter introduction is
needed [Machi et al., 1990]; however, these tools are expensive, cannot accurately
di↵erentiate between tissues, and may rely on ionizing radiation. Recent research
have also explored the use of computed tomography for needle guidance [Wagner,
2004; Kranz et al., 2012; Koizuka et al., 2014]. In computed tomography techniques,
3Pseudoaneurysm is a blood leakage from an injured blood vessel. The blood accumulates
between the vessel wall and adjacent tissues [UC Davis Vascular Center].
4Systemic toxicity refers to a number of complications associated to the entrance of anaesthetic
to the cerebral circulation [Mulroy, 2002].
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guide wires, dilators, or catheters that are being placed, but this relies again in some
amount of radiation being delivered to the body.
To place an invasive device in a target tissue stereotactic surgery can be used.
This technique employs an external mechanical device that provides a referential
frame to soft tissues, but can fail if patient movement occurs [Dillon et al., 2005;
Meloni et al., 2002]. If the ﬁnal position of a device needs to be veriﬁed, for instance
during venous cannulation and some anaesthesiology techniques, an aspiration can
be perform to evaluate the tissues at the tip’s vicinity. However, this technique may
not yield reliable information in some cases. For instance, withdrawn blood originally
regarded as venous from its apparent dark colour, may reveal to be arterial blood
after a large cannula is inserted and pulsatile ﬂow is observed [Guilbert et al., 2008;
Shah et al., 2004; Arendt and Segal, 2008].
In an e↵ort to address the need of correct placement veriﬁcation during min-
imally invasive procedures, there has been an increase in the use of optical ﬁbre
technology based on in situ tissue di↵erentiation. Optical ﬁbres can be easily cou-
pled into needles and catheters, and can be used to di↵erentiate tissues by exploiting
their ability to resolve the tissue’s spectral absorbing and scattering properties. Re-
cent studies have implemented the use of optical methods such as spectroscopy and
optical coherence tomography to carry out diagnosis of tissues of interest, allow-
ing for real time and in situ clinical assessment [Quirk et al., 2011; Utzinger and
Richards-Kortum, 2003; Lin et al., 2001; Wang et al., 2009]. The devices used to
induce and gather information about the histological optical response, mainly com-
prised of optical ﬁbre systems, can be easily inserted into commonly used clinical
probes. Once the probe is inserted, no further damage to the tissue is made since,
to perform optical spectroscopy analysis, only the spectral response of the tissue is
needed. The spectrum can be obtained by simply illuminating the regions of interest
and detecting the back-reﬂected response through the same or a di↵erent ﬁbre. The
fast acquisition and analysis of spectral data may allow for real-time diagnosis.
In the course of collaborating with physicians in the UCL hospital, I observed
a pervasive need for haemoglobin detection using relatively simple equipment. This
need was present in di↵erent areas such as cardiac cathetherisations and anaesthe-
siology procedures. To address these needs, reﬂectance spectroscopy with a double
clad system was identiﬁed as a possible optical sensor during catheterisations, while
an optical epidural catheter working under the same principle was propossed to
monitor continuous epidural anaesthesia. Further, for the acquisition of new pho-
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toacoustic instrumentation, and the increased interest of prompt blood detection,
I explored the potential use of photoacoustic imaging to interrogate deeper tissues
with interventional devices.
Project aims
The location of blood vessels is of paramount importance during needle and catheter
placement, and as mentioned above, accidental puncture of a blood vessel may
produce complications such as bleeding and toxicity. Therefore a question central
to the present study is whether optical techniques can be used in combination with
needles and catheters to provide pertinent information on blood within a region of
interest and in surrounding tissues, reducing the likelihood of trauma.
The general scenario is shown in Fig. 1,w h e r ean e e d l ei st ob ei n s e r t e di nat i s s u e
containing di↵erent structures such as blood vessels, nerves, or ligaments. Depending
on the procedure one of these structures is being targeted. Puncturing another
structure may carry out di↵erent risks ranging from an unsuccessful procedure with
non severe impact [Collier, 1996], to life-threatening complications [Guilbert et al.,
2008].
Figure 1: During minimally invasive interventions and anaesthetic techniques the
physician must guide the device towards their target, while being aware of critical
structures in the intervention path.
Unintended puncture of a blood vessel can lead to dangerous consequences such
as bleeding and toxicity [Chandrasekar et al., 2001; Cale and Constantino, 2012;
Faccenda and Finucane, 2001]. The aim of this thesis is to tackle the problem of
preventing unintentional vascular puncture by optically detecting the presence of
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Figure 2: The three scenarios to be discussed in this thesis. A Veriﬁcation of the
device placement within a vein. B Continuous monitoring of the device to prevent
migration into a blood vessel. C Prompt detection of vascularities.
Three scenarios have been distinguished and will be explored in this thesis. In the
ﬁrst one, the device is believed to have reached the target, but conﬁrmation is crucial
before the next medical gesture is taken (Fig. 2 A). This situation will be addressed
using a very small ﬁbre (125µm diameter) for the di↵erentiation between venous
and arterial blood, which may be useful during a venous catheterisation. Here, the
dimensions of the ﬁbre would allow for prompt veriﬁcation of correct placement of
needles (or catheters) if the ﬁbre is embedded into their small accessories of it such as
stylets or guidewires (or ﬁnders - small needles). Commonly during a catheterisation
a small needle (e.g. 22G with 0.718/0.413mm OD/ID) is ﬁrst used to ﬁnd the vessel.
After the vein is located, a larger needle may be used to introduce a guide-wire to
insert the catheter [Oliver Jr. et al., 1997]. A major risk is to puncture an artery with
the large bore catheter, therefore it is desirable to detect any incorrect placement in
the ﬁrst stages of the procedure where small diameter devices are being used.
For the second scenario, the device needs to stay within the target for a period of
time, in which case its location needs to be monitored given the proximity of risky
structures (Fig. 2 B). An example of this is the migration of epidural catheters
delivering anaesthesia. Hence an optical epidural catheter was be investigated in
this thesis.
The last scenario depicted in Fig. 2 C corresponds to the case in which the
target need to be identiﬁed among other structures prior to further advancement
of the device. While the ﬁrst two situations were addressed by means of optical
reﬂectance spectroscopy, for the last case photoacoustic imaging was used since its
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deeper penetration capabilities allow the identiﬁcation of blood while the device is
not yet in contact with any structure.
Thesis Overview
The structure of this thesis is as follows. In the ﬁrst chapter a review will be
presented of the theory associated with the technologies explored during this project,
such as reﬂectance spectroscopy and photoacoustic imaging.
Chapter two explores the scenario in which it is necessary to determine when
an invasive probe has reached its target, and prevent further advancement. This is
important in order to avoid accidental puncturing of an important structure and to
verify the device location prior to procedures such as drug injection. Examples where
this situation arises include the conﬁrmation of venous puncture during a venous
cannulation, and the assessment of venous-arterial blood during a transseptal needle
procedure. In this work, a small double clad ﬁbre was tested with optical reﬂectance
spectroscopy for its use in venous-arterial blood di↵erentiation at the very tip of the
device. The small ﬁbre diameter (125 µm) was chosen to be easily ﬁtted within small
needles. Chapter two also gives an overview of the Monte Carlo algorithm that was
used to estimate the viability of the method for speciﬁc probe geometries.
Chapter three explores the situation of a correctly placed invasive device whose
position needs to be monitored to prevent any movement into a possibly dangerous
location. Speciﬁcally, the case is examined of an epidural catheter used during
anaesthetic procedures. The catheter is placed into the epidural space to provide
gradual delivery of medication. The movement of the catheter into a blood vessel
is a potential risk that can lead to systemic toxicity. Reﬂectance spectroscopy was
employed with a custom catheter with embedded optical guides for the detection of
blood-rich structures in the vicinity of the catheter tip.
With reﬂectance spectroscopy, the tissue depth at which a signal can be obtained
is limited by the inter-ﬁbre distance and the attenuation of light. This limits its use
for a third scenario, in which a target needs to be identiﬁed among other tissues
before any further medical procedure takes place. This issue is addressed in chapter
four, where the use of photoacoustic imaging is explored to obtain image contrast
based on haemoglobin concentration. This feature may allow one to detect blood
vessels prior to further advance of a needle during insertion, which may be important
in situations such as nerve blocks to avoid bleeding and toxicity.
28 RdPSA-2014This thesis explores the use of optical methods coupled to invasive devices in
order to securely place them during an invasive procedure. The results of the exper-
imental work and simulations presented here for the detection of blood in the three
aforementioned situations of a device insertion, encourage the integration of optical
ﬁbres into needles and catheters to improve patient’s safety.
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Light in Tissue
When light interacts with matter, several phenomena such as light reﬂection, emi-
ssion, absorption, or scattering can take place depending on the object in question,
and normally occur as a function of its material composition and geometry. Optical
spectroscopy studies these phenomena as a function of wavelength. When applying
optical spectroscopy methodologies in clinical settings, the technique is mostly con-
cerned with the analysis of light absorption, scattering and ﬂuorescence, since these
are the main interactions between biological tissue and light.
When a photon interacts with a tissue molecule, it raises the energy level of the
molecule. The molecule then may change back to its ground state, producing elastic
scattering, or alternatively the energy may be transformed into another form (e.g.
thermal energy), in which case it is said that the molecule has absorbed the photon.
In the case of extremely heterogeneous and composite objects such as biological
samples, the observed scattering and absorption is a function of each tissue compo-
nent. Thus, measuring the aggregate scattering and absorption values of a sample
of interest can give insights into the characteristics of its components.
Fluorescence and inelastic scattering, in which energy is not conserved due to
either an increase or a loss of energy, can occur in tissue but attribute insigniﬁcantly
to the methods explored in this thesis. Thus, the discussion below will only focus
on the dominant interactions of absorption and scattering.
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1.1 Light-Tissue interactions
1.1.1 Absorption
The absorption of light by an idealised volume of identical molecules can be expressed
in terms of the absorption coe cient µa (in mm 1), which represents the probability
that a photon is absorbed by the medium per unit pathlength. The reciprocal of
µa is called the mean absorption length and denotes the average distance travelled
before a photon su↵ers absorption.
Assuming a homogeneous medium composed by absorbing molecules, herein
called chromophores, immersed in a non-absorbing medium, the absorption coef-
ﬁcient of this medium is deﬁned as:
µa = ⇢a a (1.1)
where ⇢a is the volume density of the chromophore in the medium, and  a is the
absorption cross section. The absorption cross section is a measure of the rate at
which energy is being absorbed from an incident plane wave.
Figure 1.1: Absorption of light by a tissue layer of thickness L
In a layer of a homogeneous absorbing medium with no scattering (see Fig. 1.1),
the incident light intensity I0 decreases exponentially according to Beer’s Law as
shown in Eq. 1.2 where I is the emergent intensity, and L is the layer thickness.
I = I0e µaL (1.2)
In a medium with more than one type of chromophore, the total absorption
coe cient follows a linear dependency on the absorption coe cients of all the chro-
mophores. This can be expressed by:
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µa = ln(10)
n X
i=1
✏i ci (1.3)
where ✏i is the speciﬁc extinction coe cient in mm 1
M , and ci is the molar con-
centration in M (mol
L ), for the ith chromophore. The speciﬁc extinction coe cient
measures the absorption capability of a given chromophore.
In biomedical applications, the optical window, or therapeutic window, is the
range of optical wavelengths from 600 to 1300 nm at which biological tissue has
a relatively low absorption. This optical window is limited by the haemoglobin
absorption at the shorter wavelengths and by the water absorption at the larger
wavelengths. In addition to haemoglobin and water, other chromophores in tissue
are melanin, lipids, proteins and enzymes. The tissue’s total absorption coe cient is
determined by the di↵erent concentrations of these key elements. Figure 1.2 shows
the extent of this wavelength range, and the absorption coe cient of water, fat and
whole blood (80 % oxygenated) to illustrate their low absorption within the window.
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Figure 1.2: Optical window for which principal chromophores in tissue (water and
the haemoglobin present in blood) exhibit low absorption. Fat is also shown in the
ﬁgure for comparison (data from [Prahl]).
The importance of water and haemoglobin in tissues also resides in their quan-
tities found in the body. Water in tissue accounts for about 71% to 74% of the
body weight [Friedl et al., 1992], while a healthy individual has approximately 5 L
of blood [Pallister and M.S., 2011]. In turn, normal concentrations of haemoglobin,
the protein present in the red blood cells, are from 13.3 to 17.7 g/dL in men, and
from 11.7 to 15. 7 g/dL in women [Pallister and M.S., 2011]. Blood is di↵eren-
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tially distributed between di↵erent kind of tissues. For instance, the liver, lungs and
heart are among the blood richest tissues, while muscles, skin and adipose tissue are
among the lowest blood content [Yu et al., 1991].
Absorption by blood
Blood is composed of about 45% red blood cells, 1% white blood cells and platelets,
and 54% plasma (which is more than 90% water) [Rogers, 2010]. Therefore the
principal absorbers in blood are water and haemoglobin contained in the red blood
cells.
There are various forms of haemoglobin such as met-haemoglobin, carboxy-
haemoglobin, deoxy-haemoglobin, and oxy-haemoglobin [Bunn and Forget, 1986]
from which oxy and deoxy-haemoglobin are found in major concentrations 1. Fig.
1.3 shows the extinction coe cient of these two forms for a total haemoglobin con-
centration of 15 g/dL.
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Figure 1.3: Speciﬁc extinction coe cient of two haemoglobin forms: oxy and deoxy-
haemoglobin (data from [Prahl]).
1Normal levels of met-haemoglobin are less than 1% of the total haemoglobin content, while for
carboxyhaemoglobin normal leveles are also around 1%, but can reach up to 10% in heavy smokers
[Shinton, 2007].
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1.1.2 Scattering
The elastic scattering for independent scattering events 2 in a medium can be des-
cribed analogously to absorption: the scattering coe cient µs (in mm 1)i st h e
probability of photon scattering per unit pathlength. The reciprocal of µs is called
the scattering length and denotes the average distance travelled between consecutive
scattering events. The scattering coe cient is then deﬁned as:
µs = ⇢s s (1.4)
where ⇢s is the volume density of the scatterers in the medium, and  s is the
scattering cross section, which is a measure of the rate at which energy is being
scattered out from the initial propagation of a plane wave.
The probability that the photon will be scattered into a new direction ˆ s from
the initial direction ˆ s0 (see Fig. 1.4) is further needed to describe the scattering into
the medium. This probability is denoted by the phase function p deﬁned as:
p =
1
 s
d s
d⌦
(1.5)
where the term d s
d⌦ is the di↵erential scattering cross section, which describes
the light scattered into a unit solid angle, on the new direction ˆ s.
Figure 1.4: A photon initially travelling along ˆ s0 is scattered into a di↵erential solid
angle d⌦ about ˆ s. In this ﬁgure, ✓ corresponds to the polar angle from the original
trajectory, and ' the azimuthal angle.
2Independent scattering refers to the case in which the separation between scatterers is greater
than the scatter size and the light wavelength [Wang and Wu, 2007].
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The phase function is normalised according to Eq. 1.6,w h e r ed⌦i st h ed i ↵ e r e n -
tial solid angle. In an isotropic medium, azimuthal symmetry is assumed. Therefore,
the probability distribution of the phase function can be expressed for spherical co-
ordinates in terms of the polar angle ✓ (Eq. 1.7).
Z
4⇡
pd⌦ = 1 (1.6)
2⇡
Z ⇡
0
p(✓)sin✓d✓= 1 (1.7)
Another parameter used for the characterisation of light in tissue is the average
cosine of scattering, g = hcos✓i. Commonly known as the anisotropy parameter,
this dimensionless value describes the directionality of the scattered light. Values of
g may vary between -1 and 1, where negative values represent a backward scattering,
and positive values represent forward scattering.
The average cosine of scattering can be determined from the phase function p as
shown in Eq. 1.8, and its simpliﬁcation in terms of the polar angle in Eq. 1.9.
g = hcos✓i =
Z
4⇡
p cos✓d⌦ (1.8)
g = hcos✓i =2 ⇡
Z ⇡
0
p(✓) cos✓sin✓d✓ (1.9)
The Henyey-Greenstein (HG) phase function, shown in Eq. 1.10, has been widely
used to describe the scattering of light in average tissue. Figure 1.5 shows the HG
function describing the light propagation at di↵erent values of g. Values of g between
0.7 and 0.9 are commonly used to describe average biological tissue.
p(µ)=
1
2
(1   g2)
(1 + g2   2gµ )3/2 (1.10)
Principal scatterers in tissue are membranes, nuclei, mitochondria, and other cell
components that, in total, dictate the tissue’s scattering coe cient and anisotropy.
The scattering coe cient depends on the sizes, distributions, and concentrations of
these structures, as they create a network of refractive mismatches that shape the
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Figure 1.5: Henyey-Greenstein function illustrating the e↵ect of di↵erent anisotropy
values in the light distribution.
paths that light can take through them. The organelles mentioned above also lead
to a high anisotropy for photon ﬂow in the forward direction. Fig. 1.6 shows the
approximation of the scattering for three di↵erent tissues [Bashkatov et al., 2005],
where the reduced scattering coe cient, µ0
s, refers to the relation (1   g)µs.
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Scattering of blood
Several studies have dealt with the characterization of the scattering properties
of blood. These studies, however do not follow the same experimental procedures.
Table 1.1, di↵erentiates few aspects of the methods used in selected papers regarding
the scattering properties of blood at physiological haematocrit 3.
For haematocrit level dependence, light travelling in blood has shown to have a
scattering increment when haematocrit level increases [Roggan et al., 1999; Friebel
et al., 2006]. On the other hand, studies related to oxygen saturation dependence of
the scattering properties at di↵erent wavelengths [Faber et al., 2004; Friebel et al.,
2009], provide reasonable evidence that there is no signiﬁcant dependence to oxygen
saturation; in fact, mismatches in observed and calculated spectral parameters in
both studies can be traced back to the di↵erence in sample preparation.
Phase function for blood
Two phase functions were considered for the movement of the photons in the tissue,
the Gegenbauer kernel (GK) function, and the aforementioned Henyey-Greenstein
(HG) function. The GK is shown in Eq. 1.11,w h e r eµ is the cosine of the polar
angle: µ = cos✓. The GK function depends on two parameters: ↵, and g0;t h e
HG function, results from having the ↵ parameter in the GK function set to 0.5
[Reynolds and McCormick, 1980]. In the particular case of the HG function, the
parameter g0 equals g, the average cosine of scattering.
p(µ)=
↵g0
⇡
(1   g02)2↵
[(1 + g0)2↵   (1   g0)2↵](1 + g02   2g0 µ)1+↵ (1.11)
A number of studies [Yaroslavsky et al., 1996; Hammer et al., 1998; Roggan
et al., 1999; Yaroslavsky et al., 1999; Hammer et al., 2001; Friebel et al., 2006, 2009]
have suggested that, when simulating light propagation in blood, the use of the GK
function is more appropriate given the high directionality of the scattering. However
the value assigned to the parameters ↵ and g di↵ers between these studies, and there
is a lack of homogeneity in the methods, e.g. the haematocrit of the samples, and
the wavelengths under study. It is also possible that the high anisotropy found in
the aforementioned studies, is an aftermath of the imposition of a ﬂow of the blood,
3Haematocrit (packed cell volume) refers to the volume occupied by red blood cells in the whole
blood. Normal values in women range: 42 ± 5% ,a n di nm e n4 7± 7%[ Shinton, 2007]
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Figure 1.7: Henyey-Greenstein function for values of g used for describing light
propagation in whole blood.
a condition that is not being applied in the present work.
Here, the assumption by Hammer et. al. [Hammer et al., 2001]w i l lb eu s e d ,i n
which the GK function is more appropriate to model highly concentrated red blood
cells, while the HG function accommodates well for the modelling of scattering of
red blood cells at physiological concentrations. Figure 1.7 shows the scattering
distribution as obtained with the HG phase function at three values of g: 0.970,
0.977. and 0.980, found to describe light propagation in blood.
1.1.3 Refractive index
The refractive index n of a medium is deﬁned as the ratio of the velocity of light
travelling in vacuum c to the velocity of light in that medium, ⌫: n = c
⌫.W h e na
plane electromagnetic wave encounters a boundary between two homogeneous media
with di↵erent refractive indices, part of the wave is reﬂected and part is transmitted
into the second medium. The angle at which the wave is being refracted into a
second medium is determined by the Snell law:
ni sin✓i = nt sin✓t (1.12)
where ✓i and ✓t are the angle of incidence and angle of transmission, and ni and nt
the refractive indices of the ﬁrst and second medium respectively.
On the other hand the fraction of the incident power that is being reﬂected
(R), and transmitted (T) at a boundary between two media with di↵erent refractive
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Figure 1.8: Plane of incidence with the incident wave I,t h er e ﬂ e c t e dw a v eR, and
the transmitted wave T.
indices can be obtained by:
R = |r|2; T =
nt cos✓t
ni cos✓i
|t|2 (1.13)
where the parameters r and t are the reﬂection and transmission coe cients of
the wave as shown in Fig. 1.8. The value of the components parallel and perpen-
dicular to the plane of incidence of these coe cients can be written in terms of the
refractive index of each medium and the angles of incidence and transmission as
given by the Fresnel equations shown in 1.14:
tk =
2ni cos✓i
nt cos✓i + ni cos✓t
; t? =
2ni cos✓i
ni cos✓i + nt cos✓t
rk =
nt cos✓i   ni cos✓t
nt cos✓i + ni cos✓t
; r? =
ni cos✓i   nt cos✓t
n1 cos✓i + nt cos✓t
(1.14)
For heterogeneous medium such as tissue, the average value of the refractive
index can be used as a bulk property. However, tissues are comprised by multiple
layers of possibly heterogeneous components, where multiple reﬂections and refrac-
tions may take place during photon propagation, in which cases the tissue can be
modelled as a multi-layered structure [Wang et al., 1995].
While the absorption and scattering of tissue will be used to model the photon
at each interaction site, the refractive index will be applied to Fresnel equations to
model the reﬂection at the boundary between two media.
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1.2 Photon Transport in Tissue
Di↵erent analytical and computational methods can be used to describe light tra-
velling in tissue based on tissue’s optical properties. The analytical radiative trans-
fer theory and di↵usion approximation, as well as the Monte Carlo computational
method will be brieﬂy explained in this section.
1.2.1 Radiative Transfer Equation
Photon transport in tissue has been described by using radiative transport theory
(RT). RT states the conservation of the radiant energy L(r, ˆ s), at position r and
direction ˆ s as a the result of energy lost due to absorption and scatter, and energy
gained due to the scattering into the propagation direction ˆ s (see Fig. 1.4) and a
source of photons S(r, ˆ s)[ Patterson et al., 1991] as shown in Eq. 1.15.
Change due to energy ﬂow z }| {
ˆ s ·r L(r, ˆ s)= µs
Z
4⇡
p(ˆ s0 · ˆ s)L(r, ˆ s0)dˆ ⌦0
| {z }
Energy scattered into d⌦a b o u tˆ s
 
Loss due to scattering and absorption z }| {
µt(r)L(r, ˆ s)+S(r, ˆ s)
| {z }
Source of photons
(1.15)
where µt = µa+µs is deﬁned as the attenuation coe cient, and dˆ ⌦0 is the di↵er-
ential solid angle in the direction ˆ s0. The RT equation, as shown in 1.15, disregards
polarization, interference, and ﬂuorescence, and assumes a time independent state.
1.2.2 Di↵usion approximation
Solving the RT can be complicated given the degrees of freedom (three variables
for the position r, and two for azimuthal and polar direction ˆ s - time independance
being assumed-) [Wang and Wu, 2007], thus it is commonly approximated to a
particular analytical solution. For the di↵usion approximation tissue is modelled
as a homogeneous medium and the distance between light sources and boundaries
is considered to be large. Here, the main assumption is that tissue is an isotropic
medium in which scattering dominates absorption.
The RT equation can be written in terms of spherical harmonics from which
only speciﬁc terms of the expansion can be considered to approximate the light
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behaviour into tissue [Patterson et al., 1991]. Particularly, the use of the ﬁrst linear
terms yields to the isotropic approximation. From this approximation, the di↵usion
equation for a steady state can be written as:
Dr2 (r)=µa (r)   S(r) (1.16)
where
• D = [3(µa + µ0
s)] 1, is the di↵usion coe cient.
•  (r)=
R
4⇡
L(r, ˆ s)dˆ ⌦, is the scattered ﬂuence rate.
• S(r), represents a source of photons.
Where µ0
s is the aforementioned reduced scattering coe cient . The reciprocal of µ0
s
is the transport mean free path, and represents the depth over which a collimated
beam becomes isotropic. Equation 1.16 is then a simpliﬁed expression from the RT
that does not depend on the direction ˆ s, and depends on a combined parameter µ0
s.
In the di↵usion theory the e↵ective attenuation coe cient µeff is also deﬁned,
and is given by:
µeff =
p
3µa(µa)+µs (1.17)
and its inverse   = 1
µeff is called the penetration depth and is equivalent to the
distance at which light has decay by 1/e of the initial intensity.
1.2.3 Monte Carlo simulations
The Monte Carlo (MC) method has been widely used to simulate the propagation of
individual packets of energy in tissue. MC refers to a type of computational methods
that make use of random sampling of the parameters involved in a problem in order
to converge to a solution. MC methods are based on repeated runs of the random
sampling, and the statistical error decreases with this N number of repetitions by
1/
2 p
N. For the simulation of light transport in tissue, each photon packet moves
in steps in accordance with the probability of photon-tissue interaction (Fig. 1.9),
and the phase function that describes the scattering. The photon continues its
propagation until it is detected in a speciﬁed region of the tissue, or it is completely
absorbed by the tissue structure.
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Figure 1.9: Photon packet propagation is simulated by undertaken “steps”, at which
it experiences absorption and scattering.
With the help of MC simulations it is possible to record the transmission and
reﬂection from the tissue. Advantages of Monte Carlo simulation are that the geom-
etry of the medium can be easily simulated without restrictions, and it is possible
to add multiple layers of tissue with di↵erent properties as well as multiple sources.
The present work will often make use of Monte Carlo simulations to give an
insight of the photons’ behaviour and penetration reached withinin tissue for the
probes being developed. A MC algorithm was implemented for this purpose, and
will be explained in more detail in section 1.4.
1.3 Detecting light-tissue interactions
In an ideal scenario where only absorption takes place in a sample, the absorbance
or optical density A can be obtained from the transmitted light using Beer’s Law
(Eq. 1.2)b y :
A =  log10
I0
I
= ✏cL (1.18)
In this case for example, the absorbance obtained from a simple transmission test
can be used to estimate the concentration c of the interrogated chromophore from a
known traveled distance L. From Eq. 1.3 if the interrogated sample is an aggregation
of various specimens presenting only absorption, a single linear analysis su ces to
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obtain the specimen constituents (in this case the chromophores). In tissue samples
however, this situation does not hold and the scattering properties from cells need
to be taken into account even if the interrogated specimen (i.e. haemoglobin) does
not scatter light. The former situation applies in the case of haemoglobin content
in blood. Haemoglobin is the principal chromophore in the body, and is assumed
not to be a scatterer on its own. If the haemoglobin concentration is to be known
in-vivo with an optical technique, the scattering induced by the cells constituents
would increase the optical pathlength due to the multiple scattering events, and
would also introduce losses due to light being scattered and falling into directions
other than the detector. Therefore, when applying optical methodologies in clinical
settings, the technique is mostly concerned with the analysis of the absorption and
scattering properties of the tissues.
Spectroscopic techniques, particularly can potentially retrieve information of di-
↵erent components of tissue given their individual set of optical properties, which
vary along the electromagnetic spectrum as seen in Figs. 1.2 and 1.6. Among vari-
ous spectroscopic techniques available for clinical settings, reﬂectance spectroscopy
has been widely used due to its simple basis and its proved performance for certain
applications in which the tissues of interest are close to the light source and detector.
In cases where is necessary to interrogate tissues at larger distances, photoacoustic-
based probes, can o↵er good resolution at higher depths.
1.3.1 Reﬂectance Spectroscopy
Reﬂectance spectroscopy is a technique that infers an object’s properties from its
spectral signature, which is described mainly by the scattering and absorption of
light, as emanated from a known luminous source throughout the tissue. Various
methods can be used to infer tissue’s optical properties (i.e. µa, µ0
s) from reﬂected
light, these include methods in time domain, frequency domain, and steady state
[Utzinger and Richards-Kortum, 2003].
In the time domain analysis an ultrashort (picoseconds) pulse of light is delivered
to the tissue and the intensity corresponding to the time spread function is detected
(Fig.1.10 A). The mean time distribution of the impulse response signal t is then
normally used to deduce the absorption coe cient and the reduced scattering co-
e cient. A multiwavelength approach can be performed in the time domain. This
approach needs a system capable of fast tuning and detection, but can as well make
use of multiple sources to avoid changes (over time) in the tissue under inspection
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[Delpy and Cope, 1997].
Alternatively in the frequency domain analysis, a radio-frequency modulated
light source is used. Light from this source is characterised mainly by an AC, and
a DC component. Detection often involves a cross correlation step to down-convert
the reﬂected signal in order to be processed using a Fourier transform [Tuchin, 2002].
The phase and intensity of the detected signal is then compared to the phase and
modulation of the source (Fig.1.10 B).
A
B
Figure 1.10: A Time domain. B Frequency domain.
Time and frequency domain are related by the fact that the output signal from a
frequency modulated input can be obtained from the convolution of this input signal
with the temporal point spread function of the system. These two tehcniques are
usually used to obtain what is known as the di↵erential pathlength factor (DPF).
As previously mentioned, Eq. 1.18 can not be used in scattering media so it has to
be modiﬁed as follows [Delpy et al., 1988].
A = ✏cL DPF + G (1.19)
where G is a factor dependant on the geometry, and DPF is a pathlength scaling
factor dependant on the absorption and scattering of tissue. The combined factor
d = LD P Faccounts to the total pathlength of the light after multiple scattering
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in the tissue, and can be obtained by d = c⌧
n ,w h e r ec is the light speed in vacuum,
⌧ is the transit time of light within the tissue, and n is the refractive index of the
medium.
In the steady state spatially resolved approach light is continuously irradiated
into tissue, and the distance between the light source and the detection of the re-
mitted light will dictate the depth reached within the tissue for speciﬁc optical
properties (see Fig. 1.11). As mentioned before, equation 1.2 cannot be used due to
tissue scattering, therefore analytical expressions derived from the di↵usion approx-
imation are commonly used in conjunction with inverse Monte Carlo algorithms 4
to infer absorption and scattering from the tissue using this technique.
The steady state technique o↵ers the great advantage of relatively easy to adjust
equipment: a time-independent light source for excitation of the tissue, and a CCD
array or photodiodes for detection [Palumbo and Prates, 2004]. Henceforth in this
thesis, the reﬂectance analysis will refer only to the steady state method.
Figure 1.11: Steady state (continuous wave).
.
The basic probes for reﬂectance spectroscopy comprise one optical ﬁbre for light
delivery and one ﬁbre for its collection after being scattered within the tissue; these
ﬁbres are usually positioned in the same plane, and separated by a distance d (Fig.
1.12). The detected light is then transmitted to a spectrometer. It is possible to use
the same ﬁbre for light delivery and detection, which has the advantages of small
size, simplicity, and the availability to create small illumination points. However, the
high backscattered light (coming back to the direction of emission) from the source
coupled to the detector is di cult to avoid, a problem that can be mitigated by
using multi ﬁbre systems [Utzinger and Richards-Kortum, 2003]. Multiple detection
sites at di↵erent distances to the light source can yield more information about the
4In inverse Monte Carlo methods a MC simulation is repeated iteratively until convergence to a
set of optical properties.
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tissue characteristics at various depths. The interdependence of reached depths and
ﬁbre geometries in reﬂectance spectroscopy have been further exploited to separate
the optical characteristics of di↵erent tissue layers [Ariﬂer et al., 2005].
Figure 1.12: Detection of the scattered photons by tissue.
Many probes have been developed to evaluate anomalous tissue in feasible tu-
mour masses. The evaluation of malignant masses is approached by two character-
istics in cancerous tissue: 1) cancer cells distort tissue structures such as its nucleus
which may produce a change in the scattering properties [Ariﬂer et al., 2006]; 2)
the oxygenation changes that a tumour experience throughout its di↵erent stages
[Brown et al., 2009].
Other studies have applied reﬂectance spectroscopy probes for oxygenation mea-
surements in tissue. For instance, to evaluate anastomosis 5 leaks [Gareau et al.,
2010], and to describe haemodynamics parameters involved in neuro-functional pro-
cess [Sharma et al., 2011]. Pulmonary artery catheters as well as central venous
catheters have also been used to acquire oxygen saturation measurements by means
of optical ﬁbres [Kapany and Silbertrust, 1964; Waller et al., 1982; Baele et al.,
1982].
Fibre optic probes have also been used when the probe needs to be ﬁtted into
other medical instruments while doing a procedure. For example, Wang et al [Wang
et al., 2009] coupled a 1.63 mm outer diameter probe into a colonoscope to di↵eren-
5The term anastomosis refers to the surgical procedure during which two structures, usually two
sections of the intestine, are connected.
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tiate haemoglobin concentration changes during carcinogenesis, while Gareau et al
[Gareau et al., 2010] inserted a 8 mm diameter probe into a trocar to monitor tissue
oxygenation to detect anastomotic complications during esophagectomies.
1.3.2 Photoacoustic Imaging
As mentioned previously, the energy that is not re-radiated as light, can be trans-
formed into thermal energy. The photoacoustic e↵ect is based on the formation of
pressure waves following thermoelastic expansion due to heat [Wang and Wu, 2007].
After light is absorbed and converted to heat, tissue undergoes a thermal expansion
that leads to a sudden pressure rise resulting in the transmission of an ultrasound
pulse.
Photoacoustic methods o↵er superior spatial localisation than reﬂectance spec-
troscopy because it detects the light absorption via ultrasound detection. This
feature gives good optical contrast to chromophores in combination with the good
ultrasound spatial resolution.
A pulsed laser source is usually used in photoacoustic techniques, and the dura-
tion of the pulse can yield to stress and thermal conﬁnement. Thermal conﬁnement
occurs when the laser pulse is shorter than the thermal relaxation time, and the
heat conduction is not signiﬁcant. Stress conﬁnement, on the other hand occurs
when the laser pulse is shorter than the stress relaxation time, in which case stress
propagation is not signiﬁcant.
Under stress and thermal conﬁnement, the initial pressure rise p0, can be des-
cribed in terms of the optical ﬂuence  , the absorption coe cient µa, the fraction of
light being converted to heat ⌘th, and the Gr¨ uneisen parameter   =
 v2
s
Cp as shown in
Eq. 1.20;w h e r e  is the thermal coe cient of volume expansion, vs is the speed of
the sound, and Cp is the speciﬁc heat capacity at constant pressure. The Gr¨ uneisen
parameter reﬂects the fraction of thermal energy being converted to pressure.
p0 =  ⌘thµa  (1.20)
The temporal response can be then detected with an ultrasound transducer, and
represents the initial pressure distribution [Laufer et al., 2005]. This signal can be
then processed to characterize tissue, or be spatially resolved to reconstruct an image
of the absorption in tissue.
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Advantages of using photoacoustics in tissue imaging include high contrast, good
imaging depth, high resolution and lack of speckle artefacts [Wang and Wu, 2007].
High contrast is provided by the optical absorption by tissue chromophores. Light
penetrating tissue deeper than 1 mm becomes isotropic and starts decaying expo-
nentially making it di cult to detect with optical methods since fewer light can
reach the detection ﬁbre. In these cases however, the acoustic signal can be still
detected given the lower ultrasonic scattering coe cient (2-3 fold lower than the
optical scattering coe cient) providing higher spatial resolution [Wang, 2009]. A
possible limitation of the photoacoustic technique is that, at depths larger than the
penetration depth   absorption signals became weak making the ultrasound detec-
tion more di cult, yet improved technology has been able to interrogate depths in
the order of centimetres [Beard, 2011]. On the other hand, high spatial resolution
is achieved by the high frequency of the generated acoustic signal, thus the factors
limiting spatial resolution are the acoustic attenuation in tissue and the detector
geometry and bandwidth [Beard, 2011]. Finally, the lack of speckle artefacts in
photoacoustic images is due to the constructive interference at the boundaries of
the tissue. This constructive interference is possible given the always positive initial
pressure rise [Guo et al., 2009].
Examples of current research using photoacoustic techniques include the identi-
ﬁcation of lipid plaques in arteries, which exploit lipid absorption peaks (most com-
monly the one at 1210 nm); here, measurements have reached up to 2.5 mm into
tissue when carried out from within the artery [Wang et al., 2010, 2012], and about 3
mm when performed non invasively [Allen et al., 2012]. Other uses of photoacoustic
techniques include the monitoring of tumour evolution through the interrogation of
vascularity changes during cancer development [Manohar et al., 2007].
In terms of blood detection, photoacoustics has been used for the measurement
of oxygenation in whole blood [Laufer et al., 2004, 2007; Friedrich et al., 2011].
Despite the di culties found in these works with respect to absolute quantiﬁcation
of oxygen saturation, promising results of relative di↵erentiation point out to further
research focused on data analysis.
In this thesis, photoacoustic imaging will be used to explore the penetration
advantages o↵ered by the technique. It will be investigated the distances from the
medical probe at which a blood vessel could be detected, as well as the wavelength
dependence of the signal.
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1.4 Monte Carlo method
A Monte Carlo algorithm was implemented for the simulation of reﬂectance spectra
of tissue with emphasis in whole blood. The implementation has been coded in
a combination of C modules (in .mex ﬁles) and Matlab scripts (Matlab v7.11.0),
that follows the algorithm developed by Prahl et. al. [Prahl et al., 1989], for a
homogeneous medium. The path of each photon packet is simulated one by one; the
ﬂowchart of this implementation is shown in Fig. 1.13.
In Chapter 2 and 3 one homogenous medium will be modelled in a MC simulation.
In this case the hypothesis is that the tip of optical ﬁbre is immersed in the tissue,
parallel to the walls containing the tissues of interest, and that the distance from the
ﬁbre to the walls is large and will not interfere with the path of the collected photon.
For these simulations one of the objectives will be to estimate the penetration of
light into a speciﬁc tissue.
On the other hand, in Chapter 4 two homogeneous media will be modelled.
This approach will seek to understand the e↵ect of the absorption and scattering
at the ﬁrst medium into the light absorbed in the second medium. Here, the tissue
structure (composed by the second medium) will be assumed to be immersed into a
di↵erent tissue. The structure is also supposed to be large enough to be “seen” by
the ﬁbre as a semi-inﬁnite medium.
The code saves information about the ﬁnal position of the detected photons,
their weight, maximum depth reached within the medium, pathlength, and number
of undergone interactions. Additionally, it saves a tissue array with the information
of the photons absorbed in the medium.
1.4.1 Monte Carlo algorithm
Each photon packet in the Monte Carlo (MC) code is deﬁned by its status, step size
(distance traveled between interactions), total pathlength, weight, and maximum
depth reached during the propagation. The status is binary, that is set to one while
the photon is alive and propagating, and to 0 when the photon is terminated. The
simulation of each photon runs until the status equals 0. The initialization of the
photon is set with the following values, where RND is a random number generated
by the function ranmar [Roe]:
RdPSA-2014 51Light in Tissue
Launch photon
Step size, s =0
s =
  log(RND)
µt
Find distance to ﬁbre df
Towards
ﬁbre?
Move df
s =0 ?
Move s
Absorption
Scattering
s =0
s = s   df
Reﬂected?
Change direction
Weight
small?
In ﬁbre?
Survive
Roulette?
Last
photon?
End
no
yes
no
yes
no
yes
no
yes
no
yes
no
yes
no
yes
Figure 1.13: Flowchart of the Monte Carlo algorithm. The algorithm is called in
Matlab while the main code is written in C.
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• status = 1
• step size: s =
 log(RND)
µt (mm)
• pathlength = 0 (mm)
• weight, w =1
• maximum depth = 0 (mm)
A Cartesian coordinate system XYZ is used to track the movement of the photons
in the simulation. The origin of this system is set at the point of the photons
detection as shown in Fig. 1.14. The ﬁnal position of the detected photons, and of
the lost weight are saved in cylindrical coordinates (r,z).
Figure 1.14: Cartesian coordinate of use for the movement of photons within the
simulated medium. The origin of the coordinates is positioned at the centre of the
ﬁbre used for detection.
Photons are launched from a circular ﬁbre of radius r1 immersed in the tissue at
Z=0; the distance to the detection area is deﬁned. The initial position of the photon
is sampled from a uniformly distributed position at the surface of the light source
with a random direction delimited by the numerical aperture of the simulated ﬁbre
(NAcore), and the refractive index of the tissue (ntissue):
r0 = r1 ⇤
p
RND
 0 =2⇤ ⇡ ⇤ RND
✓0 = arccos(1   RND ⇤ (1   cos(✓max))) (1.21)
where ✓max = NAcore
ntissue
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Photon movement
Previous to movement, and if the photon is propagating towards the ﬁbre, the
distance df from its current position to the plane at the ﬁbre surface is calculated.
The photon then is moved by d = df if the distance to the ﬁbre is smaller than the
step size of the photon. Otherwise the photon is moved the complete step (d = s)
followed by absorption and scattering.
Additionally, the function to move the photon increases the pathlength of the
photon by d, and the number of iterations. It also updates its radial position and
its maximum reached depth.
If the photon is moved to Z = 0, the current and previous radial position are
evaluated to decide whether the photon reached the detection surface, and if so,
whether it fell within the acceptance cone of the ﬁbre. If the photon packet does
not meet these conditions, i.e. it is not in the ﬁbre, the step size is decreased by df
and continues its propagation.
If the photon reaches the ﬁbre surface, it is randomly either reﬂected to the
tissue or transmitted to the ﬁbre and terminated. Assuming ntissue <n fibre,t h e
photon is reﬂected if RND  Ri,w h e r eRi is the internal reﬂectance for a non
polarized medium (Ri = 1
2[|rk|2 +|r?|2]). By using equations 1.14, and 1.12, Ri can
be determined by:
Ri =
"
sin2(✓i   ✓t)
sin2(✓i + ✓t)
+
tan2(✓i   ✓t)
tan2(✓i + ✓t)
#
(1.22)
where ntissue and nfibre are the refractive indices of the tissue and of the detection
ﬁbre respectively (ntissue ⇡ 1.33; nfibre ⇡ 1.4 1.5), ✓i is the angle of incidence from
the tissue, and ✓t is the angle of transmission into the ﬁbre (from Snell law). If the
photon is reﬂected its direction in the z-axis is changed, while if it is transmitted its
ﬁnal weight and position are saved.
Absorption
The absorption su↵ered by the photon is given by the scattering and absorption
coe cient of the medium. When a photon undergoes absorption, its weight is de-
creased by dw =
µa
µt w. This function also increases the (r,z) element of the tissue
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array by the lost weight, dw.
Scattering
As mentioned in section 1.1.2, the HG phase function has shown to be more ap-
propriate for the modelling of the scattering of whole blood. Consequently the HG
function 1.10 will be used throughout the present work.
The HG phase function was used for randomly sampling the value of the cosine
of the polar angle, µ,: Z µ
 1
p(µ)d(µ)=RND (1.23)
Leading to µ =2 RND   1, for g = 0; while for g 6= 0:
µ =
1
2g
"
1+g2  
 
1   g2
1   g +2 gRND
!2#
(1.24)
On the other hand, azimuthal symmetry was assumed, so that the azimuthal angle is
chosen randomly by   =2 ⇡RND, and the new direction of the photon is calculated
as in Cashwell and Everett [Cashwell and Everett, 1957].
Photon termination
Photons are terminated when its status change to 0. This can happen if the photon
reaches the detection ﬁbre, or if it is ﬁnished by a roulette function, which allows
to terminate the photon packet in a non-arbitrary manner. The photon goes to
the roulette when its weight falls to a value w  0.0001. The roulette function
generates a random number and terminates the photon when RND   0.1; if the
photon remains alive its weight is updated to 0.1w.
1.4.2 Implementation check
Since the code was custom-made a validation step that compared its simulation
results with a theoretical model was made. The MC results of this ﬁrst set of analysis
were compared against di↵usion theory approximations developed by Farrell et. al.
[Farrell et al., 1992]. Additionally, in order to have an easy way to visualise the
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scattering and absorption of photons within a medium, the code was able to store
an image of the scattering events that took place in it. This image was helpful
to qualitatively check the behaviour of the code with di↵erent parameters. The
parameters use for validation will be chosen to facilitate comparison, ﬁrst with the
di↵usion theory and then with the expected shapes of absorption within the tissue.
The analysis of the speciﬁc ﬁbre geometries, and optical properties of the tissues of
interest for this thesis will be later presented when discussing the individual probes.
Comparison with di↵usion model
Farrell developed a di↵usion model of the reﬂectance for matched and mismatched
boundaries, and two di↵erent methods: a single scatter source, and an extended
scatter source. Here, reﬂectance obtained by the MC was compared to the reﬂectance
obtained with Farrell’s model from a single scatter source in the case of matched
boundaries, denoted by:
R =
1
4⇡
µ0
s
µa + µ0
s
"
1
µ0
t
 
µeff +
1
r1
!
e µeffr1
r2
1
+
 
1
µ0
t
+4 D
! 
µeff +
1
r2
!
e µeffr2
r2
2
#
(1.25)
where D is the di↵usion coe cient and µeff the e↵ective attenuation coe cient
introduced in 1.16 and 1.17. The total interaction coe cient µ0
t, as well as the
parameters r1 and r2 for a photon source at z = 0, are deﬁned by:
• µ0
t = µa + µ0
s
• r1 =
p
z2 + r2
• r2 =
p
(z +4 D)2 + r2
A comparison with this di↵usion model and the MC algorithm implemented
here, was carried out in the same fashion as in Farrell’s work: reﬂectance values
were obtained with both methods for a light source at the centre of coordinates, and
the reﬂected values were obtained at di↵erent distances from this point. The light
source in the MC is modelled as pencil beam at (0,0,0) and direction parallel to the
Z axis. Photons were detected by discrete areas of concentric rings in a distance
from 0 to 15 mm (Fig. 1.15).
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Figure 1.15: Geometry of the MC simulation. Light is emitted by a pencil beam
centered in the XY plane and collected within a region of 15 mm radius.
The MC simulation was run for 1 ⇥ 105 photons. Reﬂectance results for an ab-
sorption coe cient of 0.1mm 1 and 0.01mm 1 are shown in Fig. 1.16. In both
cases, the implemented MC and the Farrell model, the value of the scattering co-
e cient and the anisotropy were set to and 10mm 1 and 0.9 respectively. Figure
1.16 shows good agreement between the theoretical curves (smooth curves) and the
curves from this MC implementation (noisy curves), except for shorter distances
where the di↵usion approximation doesn’t hold.
0 5 10 15
10
 8
10
 6
10
 4
10
 2
10
0
R
e
f
l
e
c
t
a
n
c
e
(
p
h
o
t
o
n
s
/
m
m
2
)
Distance (mm)
 
 
Monte Carlo
Diffusion model
Figure 1.16: Reﬂectance curves for µa of 0.01mm 1 (upper curves) and 0.1mm 1
(lower curves). In each case, the smooth curve corresponds to the di↵usion model
by Farrell et. al. [Farrell et al., 1992] and the noisy curve corresponds to the MC
algorithm implemented here.
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Visualization
Radial position and depth information corresponding to absorption events were
stored in a tissue array to visualise the e↵ect of the optical properties. This would
help to verify whether the code is performing as expected for di↵erent absorption
and reduced scattering coe cients. With this objective four conﬁgurations shown in
Table 1.2 were investigated using the geometry shown in Fig. 1.17. A pencil beam is
sent to the medium at 2.5 mm from the origin, and light is detected within a radius
of 75 µm from the centre of coordinates.
Table 1.2: Set of optical parameters used to obtain Fig. 1.18
gµ s µ0
s µa
(mm 1)( mm 1)( mm 1)
A 0.9 10 1 0.1
B 0.9 10 1 0.5
C 0.97 70 2.1 0.1
D 0.97 70 2.1 0.5
Figure 1.17: Geometry of the MC simulation. Light is emitted by a pencil beam at
(2.5,0,0), and collected within a region of 75 µm radius.
This type of image helps to get a better understanding of the fraction of the
absorption taking place in the tissue that is actually being sensed by the detec-
tor (optical ﬁbre). Since the MC algorithm makes the photon package to undergo
absorption at all scattering events, it also records the pathway undergone by the
photons. Therefore, showing the map of absorbed events helps to get an idea of the
penetration and expansion of the light in an speciﬁc tissue. With this in mind, a
selection of images of the undertaken absorption will be presented for the speciﬁc
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probes in this thesis.
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Figure 1.18: Tissue array for the case of a detector and source ﬁbres separated by
2.5 mm, at z=0. The left heat map shows all the absorption that took place in the
medium. Right hand heat maps show the undergone absorption by the detected
photons. Four sets of properties are presented for comparison: A µ0
s =1mm 1
and µa =0 .1 mm 1; B µ0
s =1mm 1 and µa =0 .5 mm 1; C µ0
s =2 .1 mm 1 and
µa =0 .1 mm 1; D µ0
s =2 .1 mm 1 and µa =0 .5 mm 1
Conﬁguration B and D display high absorption, while C and D display high
scattering. The resulting images from the logarithm of the normalised weight (with
respect to the total number of launched photons) stored at a speciﬁc position for
runs of 500000 photons, are shown in Fig. 1.18. It can be noticed that for higher
absorption the detected photons reached shallower depths than those for lower ab-
sorption coe cient. In the case of higher scattering, more photons are absorbed
given the increase of scattering events undergone by the photons as it was expected.
The MC algorithm described here can be adjusted for di↵erent source -detector
geometries. All the results shown in this thesis are done with the source and detector
located at Z=0, but this can be modiﬁed by changing hard-coded values in the C
code. An improvement to this implementation would allow to pass the geometrical
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parameters to the C code in order to make it more ﬂexible.
60 RdPSA-2014Chapter 2
Venous-Arterial blood
di↵erentiation with a Double
Clad Fibre
The di↵erentiation between arterial and venous blood 1 is an important task in
medical procedures. For instance, during a transseptal puncture the right atrium of
the heart is accessed by crossing the inter-atrial septum from the left atrium (see
Fig. 2.1). This technique is used during the treatment of atrial ﬁbrillation, atrial
septal defects, and mitral valves problems, among others [Babaliaros et al., 2008].
The basic equipment required for this procedure comprises a plastic sheath (63
cm standard), a dilator (67 cm standard), and a needle (71 cm standard)[Earley,
2009]. Using a guidewire, the sheath and dilator are advanced through a femoral
vein to the superior vena cava (SVC). Once there, the guidewire is replaced by the
transseptal needle. From the SVC the whole assembly is placed into the right atrium,
and then the fossa ovalis of the interatrial septum is located. With the assembly
against the fossa ovalis, the needle punctures the septum to gain access to the left
atrium. The correct placement of the needle is commonly veriﬁed with a pressure
sensor.
1All mention to arterial and venous blood in this thesis make reference to blood in the systemic
circulation, i.e. veins carry deoxygenated blood while arteries carry oxygenated blood.
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Figure 2.1: Illustration of the transseptal needle cross from the right atrium to the
left atrium of the heart.
Moreover, an undetected arterial puncture can lead to life threatening complica-
tions during procedures such as central venous catheterisation (CVC) during which
a catheter is inserted through the jugular, subclavian or femoral vein to obtain ac-
cess to the venous circulation. In a typical CVC procedure a needle (ﬁnder) is ﬁrst
inserted and a follow-up blood aspiration veriﬁes that an artery was not punctured
(see Fig. 2.2). After this veriﬁcation, the needle is substituted by a dilator and a
catheter can be inserted through a guidewire.
Figure 2.2: Internal jugular approach [UC Irvine School of Medicine] of a central
vein catheterisation. The intervention site has been enlarged in the box. JV: jugular
vein; CA: carotid artery; SM: sternocleidomastoid muscle.
The rate of artery injury occurrence has been shown to be 5.9% [Reuber et al.,
2002] during internal jugular venous cannulation. If an arterial puncture is detected,
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the needle is withdrawn and pressure is applied for several minutes to prevent bleed-
ing. However, if the arterial puncture goes unnoticed there is a risk of the placement
of a larger cannula into the artery where major complications such as haematoma,
haemothorax, pseudoaneurysm, ﬁstula or stroke, may occur [Guilbert et al., 2008;
Shah et al., 2004]. Ultrasound has been used to assess the vein location and distin-
guish it from arteries. However, this tool is not always used and in some cases can
fail to provide clear identiﬁcation because of the collapse of a vein due to pressure
from the US probe [Reuber et al., 2002; Guilbert et al., 2008].
2.1 Oxygen Saturation measurements
Alongside with haemodynamic di↵erences between veins and arteries that can be
probed with Doppler ultrasound, a key feature that distinguishes them is their oxy-
gen saturation. The oxygen saturation is a measure of the oxygen being carried
by haemoglobin in blood, and can be deﬁned as the ratio of the concentration of
haemoglobin in its oxygenated state to that of the total haemoglobin content as
shown in Eq.2.1,w h e r ecHbO2 is the oxy-haemoglobin concentration in blood and
cHb is the deoxy-haemoglobin concentration in blood.
SO2 =
cHbO2
cHbO2 + cHb
(2.1)
Normal values for venous oxygen saturation range from 60% to 80% while arterial
oxygen saturation can reach values over 95%. Variation of these values may occur in
case of disease. Venous oxygen saturation (SvO2) is a measure of the rate between
oxygen delivery and consumption, and factors such as anaesthesia, abnormal thermal
conditions or admixture of arterial blood, among others, could impair this balance.
On the other hand, low arterial oxygen saturation (SaO2) may be a consequence of
oxygen supply or ventilation deﬁciency.
Estimation of SO2 can potentially provide valuable information in order to verify
the placement of the device into the desired vessel. Optical ﬁbres can be used
for this purpose by providing information about oxygenation without adding much
complexity to the clinical setup.
A commonly well known tool for patient monitoring that works based on light
absorption is pulse oximetry. The basic principle of a pulse oximeter is the analysis
of transmitted light through tissue generally at 660 nm and 940 nm. From Fig. 1.3
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we can see that, at these wavelengths absorption due to oxy and deoxy-haemoglobin
show notable di↵erences, both at the range of lowest Hb absorption. Non-pulsating
absorbance in this instrument is disregarded as coming from average tissue, and
venous blood. Then the ratio of pulsatile absorbance at these wavelengths leads to
the measure of arterial oxygen saturation by empirically calibrating the instrument
with data from healthy individuals [Schnapp and Cohen, 1990].
The use of optical methods to measure oxygen saturation dates back to the 1940’s
when Millikan started using transmittance techniques to estimate SO2 from optical
measurements [Millikan, 1942]. Later on, Polanyi introduced the idea of using light
reﬂected from optical ﬁbres [Polanyi and Hehir, 1960]. Many instruments have been
developed thereafter with the principle of obtaining tissue oxygenation from their
absorbance at two di↵erent wavelengths.
In this manner, [Polanyi and Hehir, 1962] set the grounds of oximetry measure-
ments [Takatani and Ling, 1994] showing the validity of the empirical expression for
oxygen saturation from reﬂectance measurements at two wavelengths (S( 1) and
S( 2)):
SO2 = a + b
S( 2)
S( 1)
(2.2)
where a and b depend on the geometry of the probe and the parameters of the
blood sample. This expression provides a simple linear relation for oxygen saturation
and the reﬂectance spectrum where the use of two wavelengths reduces the inﬂuence
of haematocrit variation.
As mentioned, pulse oximetry is a non invasive method which relies in light
transmission, but there is also the need of oxygenation monitoring during invasive
procedures. For this reason, current commercial oximeters can also be commonly
found in catheters which rely on reﬂectance measurements for SO2 estimations [Life-
sciences, 2011]. When compared to the gold standard (gas analysis) of commercial
oximeters, ﬁbre optic sensors within catheters show comparable accuracy in oxygen
saturation monitoring [Waller et al., 1982; Baele et al., 1982; Trubiano et al., 1996].
These oximeters commonly work at two wavelengths: 660 nm and 810 nm, although
three wavelength oximeter catheter can be found with an extra-wavelength at 740
nm to further reduce haematocrit e↵ects [Bongard et al., 1995].
There is also ongoing research focus on ﬁtting these optical probes into di↵erent
invasive devices, for instance to monitor patients and to evaluate tissue abnormal-
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ities. As an example, studies by Brown et al. and Wang et al.[Brown et al., 2009;
Wang et al., 2009] use reﬂectance spectroscopy to measure tumour oxygenation for
cancer state diagnosis. In the work of Brown et al., a biopsy needle-based probe
is inserted in the patient to interrogate oxygenation variation between benign and
malignant cancer. They used two probes able to be embedded in cannulas for breast
biopsies with outer diameter of 3.4 and 2.1 mm. The probes consisted in a set of
source-ﬁbres surrounded by another set of detector-ﬁbres. The sensing depth of
their probe range from 0.6 to 2 mm in breast tissue for a 400-600 nm illumination.
The ﬁbre arrangement had been previously used to obtained the absorption and
scattering coe cient with an error up to 8.42 ± 11.3 percentage in tissue phantoms
[Bender et al., 2009].
Wang et. al. on the other hand used a ﬂat arrangement of detection ﬁbres packed
in a probe of 1.6 mm which could be ﬁtted in an colonoscope channel 2, and reach
a sensing depth of 0.6 to 1.2 mm in the wavelength range of 600-800 nm. With this
arrangement of ﬁbres they ﬁtted a model of the oxygen dissociation in haemoglobin
ﬁnding an error in the measure SO2 of less than 5% for pressures greater than 15
mmHg and oxygen saturation of 29%.
These examples illustrate how optical ﬁbres can play an important role when
decreasing the probe size is crucial, such in the case of minimally invasive procedures.
However, there is still the need of smaller probes that can be ﬁtted into lower
diameter devices.
2.2 Double clad ﬁbre
As mentioned above, ﬁbre optics threaded through catheters and needles has proven
to be a valuable technique that can directly and immediately measure localised
tissue properties such as blood oxygenation in real-time. Applications of such a
device include patient monitoring in critical care and tissue assessment for potential
diagnosis of a multitude of conditions, including evaluation of tumour masses and
vessel identiﬁcation.
Here a double clad ﬁbre (DCF) device is proposed for detecting oxygen saturation
using reﬂectance spectroscopy. This ﬁbre is composed of a monomodal core, an inner
multimodal cladding. It has been used for the pumping system of some lasers by
2Colonoscope working channels range from 3.2-3.8 mm, although smaller diameters can be found
in pediatric devices [Fujiﬁlm; Barth et al., 2012]
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sending the signal and pump light through the core and inner cladding respectively.
The special geometry of the DCF provides opportunity to design a low complexity
probe with the allowance for further integration with other sensing methods (such
as OCT, Doppler and photoacoustic spectroscopy) via the single mode core.
The performance of double clad ﬁbres (DCF) has been tested for ﬂuorescence
spectroscopy [Wang et al., 2007; Ryu et al., 2008, 2009; Thomas et al., 2008; Chang
et al., 2008] and optical coherence tomography measurements [Ryu et al., 2008, 2009].
Ryu et al. fabricated their own DCF with enhanced cladding coupling e ciency.
In their work they performed OCT and ﬂuorescence spectroscopy measurements
simultaneously, sending both excitation signals through the core of the ﬁbre. Light
was collected back by the ﬁbre’s core for the OCT readings, and by the inner cladding
for the excited ﬂuorescence. Chang et al. used commercial ﬁbres for their work in
ﬂuorescence spectroscopy, observing high sensitivity but signiﬁcant back-reﬂection.
For the aforementioned applications, the sensitivity of the ﬁbre over SO2 varia-
tions will need to allow the di↵erentiation of at least venous to arterial blood which
for the mentioned normal values have a lowest di↵erence of about 15% (from venous
blood at 80% oxygenation to arterial blood at 95%). The use of a DCF is expected
to achieve low light penetration due to the ﬁbre dimensions, however this will not
represent an issue as long as the detected photons carry enough information to dif-
ferentiate the spectra from venous and arterial blood, since the veriﬁcation of the
device position would be in relation to its immediate surroundings.
In this work, a DCF system (Gooch & Housego) with diameters with diameters of
9 µm, 125 µm, and 245 µm core/cladding/outer-cladding (see box in Fig. 2.3) was
purchased for a ﬁrst experimental setting. To carry out reﬂectance spectroscopy,
light was delivered to the tissue through the core of the ﬁbre and the scattered
light was detected by the inner cladding. Such a setup o↵ered the advantages of
simplifying instrument design, and giving more accurate spectral readings because
of the expected low degree of back-reﬂected light.
A readily available broadband source (Superlum BLM-S-820) was used in these
preliminary experiments to interrogate blood-like solutions. This light source, com-
monly used for OCT, works in the wavelength range of 780 to 880 nm. It was
hypothesized that oxygenation changes would be easily detected using the whole
reﬂected spectrum at these wavelengths given the change in absorption trend from
HbO2 and Hb in the surroundings of the isosbestic point at 800 nm where the ab-
sorption coe cient varies approx. 0.1mm 1. However, this hypothesis was falsiﬁed
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when the spectra showed no signiﬁcant di↵erences for measurements taken from
70% to 90 % blood oxygenation3. At this point the MC algorithm that was being
prepared simultaneously showed no signiﬁcant spectral changes in the investigated
range.
Single Mode Core
9  m; 0.12NA
Multi Mode 
Inner Clad
105  m; 0.20NA
Outer Clad
125  m
Single Mode Core
9  m; 0.12NA Multi Mode Clad
125  m; 0.46NA
Coating
245  m
Figure 2.3: Double Clad Fibre geometry and numerical apertures of the core and
inner cladding. The box shows another option for the ﬁbre geometry that was
discarded for its larger diameter
In a second stage of experimental design three factors were taken into account:
• Fibre diameter. In order to have an adaptable probe able to couple into diverse
cannulas, a smaller ﬁbre diameter was chosen 4. The diameters of the new DCF
are 9 µm, 105 µm and 125 µm for the core, inner-cladding, and outer-cladding
respectively (Fig. 2.3).
• Oxygen depletion. In the ﬁrst attempts to deoxygenated blood using sodium
hydrosulﬁte, it was not possible to reduce blood oxygenation by amounts larger
than 20% as measured with a commercial co-oximeter. Then, yeast was pro-
posed to be used in this second stage.
• The need of an additional source that increase detection sensitivity.
The following section will explain the choice of the light source to acquire the
3The results from this preliminary experiments are shown in the Appendix A.
4For instance, guidewires use in coronary micro catheters can be smaller than 0.36 mm [Terumo]
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reﬂectance spectra. The decision was taken based on computer simulations applying
the Monte Carlo (MC) algorithm mentioned in the previous section. Penetration
depth and estimated response of the ﬁbre will be also simulated to show the feasibility
of spectroscopic analysis with the DCF.
2.2.1 Monte Carlo analysis for the DCF geometry
The simulations were carried out with the custom MC software, where each photon
packet was launched from an initial position sampled from a probability distribu-
tion derived from the geometry of the double clad ﬁbre (diameters of 125, 105 and
9 microns for the outer cladding, inner cladding, and core respectively), and its
numerical aperture (core, 0.12; clad, 0.20). Figure 2.4 shows the geometry of the
simulation. The ﬁrst part of the ﬁgure illustrates the surface of the ﬁbre from the
top of the tissue. Light is delivered from the core of the ﬁbre, and detected by the
cladding which forms a concentric ring.
Figure 2.4: Geometry of the MC simulation. The DCF is centered in the XY plane.
Light is emitted by the core and detected by the inner cladding.
Wavelength selection
As mentioned above preliminary experiments were performed to test the sensitivity
of the ﬁbre within the wavelengths from 790 to 860 nm (see Appendix A). These tests
suggested that the measurements were not sensitive enough to di↵erentiate spectra
from blood oxygen saturation in that wavelength range for the small source-detector
separation of the ﬁbre. For this reason instead of processing the whole spectrum,
one wavelength from the broadband light source was chosen to be compared with
a second light source (Eq. 2.3) as previously seen from [Polanyi and Hehir, 1962].
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In this manner, the isosbestic point at  2 = 797 nm was to be used in combination
of a wavelength  1 at which oxy and deoxy-haemoglobin have signiﬁcant absorption
di↵erences.
Response(SO2)=
S( 1)
S( 2)
(2.3)
Two commercially available sources at 635 and 675 nm respectively were consid-
ered. Large absorption di↵erences between oxy and deoxy-haemoglobin are present
in the range covered by these two wavelengths (see Fig. 2.5, and Fig. 1.3), while
keeping a low value of the overall absorption coe cient (hence, allowing photons to
undergo more interaction events).
Although the di↵erence of absorption coe cient from deoxy and oxyhemoglobin
for instance, is about 10 fold at 635 nm to that at 675 nm for a haemoglobin
concentration of 150 g/L , the reﬂectance spectrum will also depend on the scattering
properties of the tissue. For this reason a series of MC simulations were performed
to evaluate the choice. Once the light source was chosen, the simulated response of
the ﬁbre to SO2 changes was obtained as well as the penetration of the photons in
whole blood.
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Figure 2.5: Speciﬁc extinction coe cient of haemoglobin. Vertical dotted lines cor-
respond to the proposed wavelengths to be used.
Simulations were run for 5 ⇥ 105 photons for a whole-blood-like medium, three
times for each set of the scattering parameters shown in Table 2.1. These values
were estimated from references [Yaroslavsky et al., 1996; Roggan et al., 1999; Friebel
et al., 2006, 2009] for the 635, 675, and 797 nm wavelengths. Two oxygen saturation
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values were interrogated: 70%, and 100% corresponding to normal values of venous
and arterial oxygen saturation respectively. The absorption coe cients of blood in
mm 1 were estimated using the speciﬁc extinction coe cients ✏ tabulated in [Prahl]
(converted to mm 1
(moles/L)) in the expression:
µa( )=
2.303
WHb
[cHbO2 ✏HbO2( )+cHb ✏Hb( )] (2.4)
for the haemoglobin’s molecular weight WHb = 64500 (g/mole), and the concen-
trations c given in (g/L).
Table 2.1: Approximate scattering coe cient µs, the anisotropy value g, and reduced
scattering coe cient µ0
s of whole blood, from selected references at 635, 675, and
797 nm. Data from [Yaroslavsky et al., 1996; Roggan et al., 1999; Friebel et al.,
2006, 2009]
Wavelength Parameter Yaroslavsky Roggan Friebel (2006) Friebel (2009)
635 nm µs (mm 1) 64.5 85 90 85
g 0.98 0.98 0.97 0.977
µ0
s (mm 1) 1.29 1.70 2.70 1.96
675 nm µs (mm 1) 65.36 82.9 88.77 83.27
g 0.9825 0.98 0.97 0.9753
µ0
s (mm 1) 1.14 1.66 2.66 2.06
797 nm µs (mm 1) 68 76.50 85 78
g 0.99 0.98 0.97 0.97
µ0
s (mm 1) 0.68 1.53 2.55 2.34
Reﬂectance at 635, 675 and 797 nm ( S(  = 635nm), S(  = 675nm),and S(  =
797nm) respectively) from simulations are shown in Fig. 2.6, where values are
referred to the reﬂectance at the isosbestic point at 797 nm to allow comparison.
Despite the lack of agreement between the reﬂectances estimated for each set of
optical properties, all exhibit the largest reﬂectance di↵erence at a wavelength of
635 nm.
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Figure 2.6: Normalised reﬂectance plotted against wavelength obtained with com-
puter simulations for the optical properties in Table 2.1. Values are referred to the
reﬂectance at 797 nm. The two curves in each plot correspond to oxygen saturation
of 70% and a 100% corresponding to common values for venous, and arterial blood.
Commercially available light sources at 635 and 675 nm were compared to select the
most sensitive to the di↵erence in oxygen saturation.
Table 2.2 shows the expected variation of the reﬂectance from 70% to 100% SO2
for the two sources under evaluation. The highest variations were found for the 635
nm source, and therefore this light source was selected for the system, and used for
the acquisition of the experiments here presented.
The set of optical properties which exhibited the smallest changes in reﬂectivity
was that of Friebel et al (2009), denoting a variation with respect to the reﬂectance at
797 nm, of 8.7% by using the source at 635 nm, and 6.0% by using the source at 675
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nm, while the largest change was obtained using Yaroslavsky’s properties. It can be
observed from Table 2.1 that the overall scattering in Yaroslavsky’s data decreases
more dramatically than the other references for these speciﬁc wavelengths. Further,
for Friebel (2009) the scattering increases for these wavelengths, thus enhancing the
interactions at 675 nm; although not enough to overtake overall absorption in tissue
at 635 nm, this e↵ect restates the importance of taking into account the wavelength
dependence of the scattering properties for the design of the experiment.
Table 2.2: Simulated di↵erence of the reﬂectance from whole-blood with 70% and
100% SO2, with respect to the reﬂectance at the isosbestic point at 797 nm
S(  = 635nm) S(  = 675)
Reference % %
Yaroslavsky 1996 21.1 11.8
Roggan 1999 12.0 7.8
Friebel 2006 11.5 7.0
Friebel 2009 8.7 6.0
Simulated response curves
As seen in Eq. 2.2, the oximeter sensitivity depends on the relation of the spectrum
intensity at the two chosen wavelengths where the direct mapping to a SO2 value is
adjusted due to the ﬁbre geometry. Given the small size of the DCF, the purpose of
this work was sought to know whether the detected light would retrieve information
of blood in its surroundings. For this reason the ratio of the simulated reﬂectance
spectrum at  1 = 635 nm to that detected at  2 = 797 nm was used to characterise
the spectral data (Eq. 2.3). The comparison against the 797 nm haemoglobin isos-
bestic point yields values which would nearly vary linearly with oxygen saturation.
Results of the simulated response of the ﬁbre under this criterion are shown in Fig.
2.7 for two normal haemoglobin concentrations values: 120 and 150 g Hb /L; and
for a low concentration of 90 g Hb/L that might indicate an abnormality.
The response of the ﬁbre was simulated for three di↵erent haemoglobin concen-
tration, and the average depth reached by the detected photons was determined.
A total of 1 ⇥ 106 photons were launched three times for each set of possible opti-
cal properties of blood in Table 2.1. The slope of each curve is presented in Table
2.3. It can be noticed that the slope increases with haemoglobin concentration in
blood. Here, only a change in haemoglobin is modelled by increasing absorption at
the tissue. However, in a real case the decrease in haemoglobin is mostly due to a
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decrease in the haematocrit level leading to lower scattering. Since the simulations
are using the same scattering properties at all haemoglobin concentrations, exper-
imental results at lower haematocrit would likely present less sensitivity (smaller
slopes) relative to results at higher haematocrit.
Table 2.3: Value of the slopes within 95% conﬁdence bounds from Fig. 2.7.
Reference Hb 90 g/L Hb 120 g/L Hb 150 g/L
Yaroslavsky 1996 0.57 ± 0.17 0.58 ± 0.22 0.62 ± 0.34
Roggan 1999 0.27 ± 0.02 0.28 ± 0.09 0.38 ± 0.16
Friebel 2006 0.25 ± 0.08 0.30 ± 0.14 0.36 ± 0.10
Friebel 2009 0.21 ± 0.08 0.22 ± 0.05 0.27 ± 0.05
As seen in Fig. 2.7 and Table 2.3, the slope of the response to SO2 is higher
for the lower scattering found in reference [Yaroslavsky et al., 1996]. From table
2.1, the set of properties in this reference presents large scattering di↵erences at
the two wavelengths with µ0
s of 1.29 and 0.68 (mm 1) at 635 nm and 797 nm
respectively, where µs and g increase with wavelength. In contrast for reference
[Friebel et al., 2009], where the lowest slope was obtained, µ0
s values are 1.96 and
2.34 (mm 1) at 635 nm and 797 nm, with both, µs and g decreasing with wavelength.
Comparing these two references as the extreme cases, µs is higher for Friebel (2009),
while g is higher for Yaroslavsky. A higher anisotropy values entail fewer photons
being backscattered to the ﬁbre. On the other hand, more scattering provides the
tissue with the opportunity to absorb more photons. Therefore, the fewer photons
reaching the ﬁbre in Fig. 2.7 A, have at the same time undertaken less scattering-
absorption events; while for Fig. 2.7 D, more photons are detected with a larger
pathlength. Given the dependence of the scattering and absorption coe cient with
wavelength, Fig. 2.7 D would likely be compensating to some extent the large
di↵erence in absorption at both wavelengths, hence lowering sensibility. From these
results large sensitivity of the probe can be expected if the value of g and µs are
large. Furthermore, if the scattering is approximately constant it could lead to
the response curve to cross the unity value following the trend of the absorption
coe cient which is lower for oxyhaemoglobin at 635 nm than that at 797 nm, and
the opposite for deoxy-haemoglobin.
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Figure 2.7: Monte Carlo simulations of the sensitivity of the reﬂectance ratio (Eq.
2.3 to changes in SO2). The plots show the ratio of the reﬂectance spectrum at
635 nm to that at 797 nm against the oxygen saturation. Blood was simulated at
three haemoglobin concentrations: 90, 120 and 150 g/L. The slopes of each curve
are shown in Table 2.3
Using this DCF, the pathlength is fundamentally limited by the short source-
detector separation which was a value of 28,5 µm as measured from the DCF’s centre
to the middle point of the inner cladding ring (having a total radius if 52.5 µm from
the centre to the limit if the inner cladding). To illustrate light penetration in tissue
the mean depth reached in the medium by the detected photons for an haemoglobin
concentration of 120 g/L is plotted in Fig. 2.8 for the reﬂectance values at 635 nm
and 797 nm. The MC code saves the maximum depth reached by each photon falling
into the detector, the average depth plotted was then obtained as the mean value of
this parameter for all the back-reﬂected photons. The shallowest depth achieved in
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these simulations is 85 µm. Assuming normal haematocrit level of 40%, and RBC
volume of 86 fL [Shinton, 2007], the volume contained in a semi sphere of 85 µm
radius would hold about 6000 RBCs to be interrogated.
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Figure 2.8: Mean detected photon depth plotted against wavelength obtained with
computer simulations for the optical properties in Table 2.1 at 635 nm and 797 nm.
The lowest penetration depth of 85 µm is estimated for the data in [Friebel et al.,
2006] at 635 nm and 60% oxygen saturation. This depth is presumably enough
for the detection of haemoglobin properties at the tip of the ﬁbre given the RBC
diameter (7 µm).
The low penetration of light will limit the sensitivity of the probe since the pho-
tons cannot undergo many interactions before being detected. Further investigation
on the capabilities of the DCF to detect SO2 in blood was carried out experimen-
tally. This is shown in next section, where the ﬁbre was tested in red blood cells
(RBC’s) solutions with di↵erent oxygenation.
As an example of the absorption taking place in the tissue, Fig. 2.9 shows the
results from the tissue array in the MC simulation at the two wavelengths being used
with a 70% (upper row), and 100% (lower row) SO2. These images are then obtained
for an haemoglobin concentration of 120 g/L, and with the data from Friebel (2006)
at which the overall scattering remains approximately the same (µ0
s of 2.7 and 2.6
mm 1 at 635 nm and 797 nm respectively). Absorption at 797 nm is qualitatively
the same at both oxygenation values, whereas is lower for 70% oxygenation, and
larger for 100% at 635 nm.
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Figure 2.9: Tissue array for the case a concentric detector and source ﬁbres. The
left heat map shows all the absorption that took place in the medium. Right hand
heat maps show the undergone absorption by the detected photons. Four cases
are presented for comparison, all for Hb=150 g/dL and the scattering properties
in [Friebel et al., 2006]: A SO2 = 70% at 635 nm; B SO2 = 70% at 797 nm; C
SO2 = 100% at 635 nm; D SO2 = 100% at 797 nm.
2.3 Oxygen Saturation changes in the physiological range
Figure 2.10: Cleaved tip of the double clad ﬁbre used in this thesis. The ﬁbre’s
outer diameter is 125 µm with a thickness of 10 µm, and a 9µm core.
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The performance of the DCF to detect oxygenation changes was empirically analysed
in RBC solutions with the physiological range of 60% to 100% oxygen saturation.
A broadband light from a supercontinuum source from 780 to 880 nm (Superlum
BLM-S-820) attenuated by introducing a gap of 7cm between two collimators, was
combined with a 635 nm laser source (Thorlabs), and directed via a monomodal
ﬁbre to the core of a the DCF by means of a coupler. The tip of the DCF was
immersed into the blood sample whose oxygenation was to be determined. Light
scattered by the sample was detected by the inner core of the DCF and coupled to a
multimodal ﬁbre that delivers the light to a spectrometer (MayaPro, Ocean Optics,
Inc). Acquired spectra were then analysed. The DCF was attached to a translation
stage that allow the introduction of the ﬁbre into the sample.The setup is shown in
Fig. 2.11.
Figure 2.11: Experimental setup. Two light sources deliver light to the DCF single-
mode core. The detected light at the inner cladding is sent to a spectrometer and
the data are acquired with LabVIEW.
De-oxygenated blood samples were prepared in a test tube as described in section
2.3.2 and placed in a 10 mL beaker for spectra acquisition. Prior to the blood spectra
acquisition a set of back-reﬂection measurements in water were recorded using the
same integration time used for the blood samples. The ﬁbre was rinsed in deionised
water after each acquisition. Re-oxygenation was achieved by agitating the RBC
solution with air in the syringe and leaving to rest for a couple of minutes prior to
the spectra acquisition.
The reference values for oxygen saturation were obtained by drawing 2 mL of the
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sample and measuring it with a IL682 CO-oximeter (Instrumentation Laboratory,
Massachusetts, USA). The IL682 CO-oximeter is a laboratory desktop instrument
based on the optical interrogation of a thin layer of the sample at 6 wavelengths:
535, 585, 594, 626, 638, and 667 nm. The accuracy and precision of the IL682 for
oxygen saturation measurements, as speciﬁed by the manufacturer, is of 1 ± 0.5%.
2.3.1 Calibration and back-reﬂection measurements
A calibration spectrum to eliminate the e↵ect of uneven illumination from the source
was obtained by placing the tip of the ﬁbre close to a white reference surface (spec-
tralon). To estimate the systematic variation of the spectrum due to e↵ects other
than those induced by the light source in the sample, a back-reﬂection spectrum
was also collected; this signal was subtracted from all the blood measurements. All
measurements were performed with the light of the room turned o↵. Spectra from
blood samples were calibrated by dividing the spectrometer output by the calibra-
tion spectrum previously corrected with the back-reﬂection subtraction as follows.
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Figure 2.12: A Calibration for source spectrum. The DCF was immersed in water
at a distance less than 1mm from the reﬂectance standard surface. B Correction
from the light reaching the cladding without entering the external medium. This
back-reﬂection measurement was performed with the DCF immersed in water and
an approx. distance of 3cm from a black tape placed at the bottom of the beaker
Calibration, Sref( ), and back-reﬂection spectra, SbrRef( ) were acquired after
having cleaved the ﬁbre. Additional back-reﬂection measurements (SbrSample( ))
were acquired using the same integration time used for the acquisition of each sample
spectrum, Ssample( ). The calibration was done by placing the tip of the ﬁbre at
close proximity (less than 1 mm) to a reﬂectance standard surface (Spectralon,
Labsphere, North Sutton, USA), which was immersed in deionised water (Fig. 2.12
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A). Back-reﬂection measurements were acquired with the ﬁbre immersed in water at
3 cm from a black tape placed at the bottom of a beaker (Fig. 2.12 B). Fifty spectra
were acquired each for a 10 ms integration time. From this reference spectrum it
was noticed that the peak from the laser source was located at 637 nm instead of
635 nm 5.
Correction from the light source spectrum and back-reﬂection correction were
performed for each sample over the whole wavelength range according to Eq. 2.5:
S( )=
Ssample( )   SbrSample( )
Sref( )   SbrRef( )
(2.5)
Figure 2.13 shows the spectra for the calibration and back-reﬂection measure-
ments of the DCF. It can be noticed that back-reﬂection, although small in intensity,
is still present despite the two separated channels used for illumination and detec-
tion. This is likely due to an imperfect cleave resulting in a surface cut with a very
small angle that reﬂects the light back to the cladding.
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Figure 2.13: Calibration and back-reﬂection spectra for the DCF immersed in water.
The back-reﬂection spectrum, enlarged in the box, is almost negligible compared to
the spectrum from the reﬂectance reference.
5Misalignments in the detector were unlikely since the spectrometer had gone through calibration
in the previous months (by Ocean Optics, order 1410795) with a regression ﬁt of 0.999999703
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In order to determine whether the calibration measurements were reproducible,
the dependence of the ﬁbre-reference distance on the ratio of the reﬂectance at
637nm to the reﬂectance at 797 nm was analysed. The DCF was placed at the
closest distance from the spectralon surface (0.5 mm approx.) and then moved
farther for each acquisition.
Figure 2.14 A displays the distance dependence of the calibration measurements
while Fig. 2.14 B shows the exponential decay of both signals with distance. As
consequence of the increase of the ratio
(S =635nm)
S( =797nm) in the calibration measurements
at larger distances, the sensitivity to oxygen saturation changes would decrease (from
Eq. 2.5). A preventive measure to avoid this to happen, was to ensure the closest
possible distance from the ﬁbre to the spectralon.
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Figure 2.14: A Calibration dependence to the ﬁbre-reference distance. After a mil-
limetre distance from the reﬂectance surface the ratio starts increasing B Intensity
from the spectrometer for each wavelength showing an exponential decay with dis-
tance.
2.3.2 RBC solutions
RBC solutions were prepared from expired donated red blood cells (RBCs) obtained
from the UCL Hospital Blood Transfusion Laboratory. The RBCs were directly
diluted with phosphate bu↵ered saline (PBS) solution 0.01 M, taking into account
the 100 mL of additive solution in each donation bag, to achieve a haematocrit about
40%, although for some samples this initial concentration was diluted.
The chosen method for de-oxygenating the RBC solution was the use of yeast.
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Yeast are fungi that consume oxygen by di↵usion when in an oxygenated medium.
The yeast strain used in this work is Saccharomyces cerevisiae (baker’s yeast) which,
as can be seen from the microscope images shown in Fig. 2.15, are comparable in
size to red blood cells (approx. 7 microns).
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Figure 2.15: Microscope images of:A Yeast in PBS, and B RBCs in PBS showing
that the sizes of both types of cells are comparable. Colour and contrast correction
was done in GIMP image editor.
Yeast has been used in several NIR studies of haemoglobin de-oxygenation [Wang
et al., 2009; Sharma et al., 2011; Liu and Vo-Dinh, 2009; Sevick et al., 1991]. Liu
et al.[Liu and Vo-Dinh, 2009] added 1 mg/mL yeast to their phantoms containing
haemoglobin. In this work they found that yeast could make a small impact on the
optical properties, so these properties could vary while the yeast is being dissolved.
An investigation of yeast optical properties [Beauvoit et al., 1993] found an ab-
sorption coe cient µa lower than 0.0002mm 1, and a reduced scattering coe -
cient µ0
s lower than 0.16mm 1 for concentrations lower than 10 mg dry weight/mL
of Saccharomyces cerevisiae. Given the low amounts of yeast used in these ex-
periments (under 5 mg/mL), and the high µ0
s for whole blood found in the lit-
erature [Yaroslavsky et al., 1996; Roggan et al., 1999; Friebel et al., 2006, 2009]
(1.9 ± 0.6mm 1) together with the uncertainty between the provided values, the
contribution of yeast’s optical properties to the results was not considered.
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2.3.3 Results
Back-reﬂected light
As seen in Fig. 2.13, the DCF still receives back-reﬂected signal. Given the small
source-detector separation provided by the DCF, and the high optical absorption
from whole blood, it was necessary to verify that the spectrum collected from the
RBC solutions carried enough information from the sample to be analysed. Figure
2.16 compares the amount of signal from the blood sample to the back-reﬂected
signal from the source acquired at the same integration time (200 ms). In this
ﬁgure, it can be noticed that the signal from the sample is about ﬁve-fold larger
than the back reﬂected signal from the source leaving enough information to be
processed and analysed.
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Figure 2.16: RBC solution and back-reﬂection spectra for the DCF immersed in
water. The back-reﬂection spectrum in this case is higher given the integration time
needed for the sample spectrum acquisition.
Response to SO2
Results of experiments on 3 samples are shown in Fig. 2.17. The 50 spectra acquired
at each SO2 value was corrected using Eq. 2.5. After this step, each point in the plot
was obtained as the mean ratio and standard deviation of the spectrum at  1 = 635
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nm to that at  2 = 797 (Eq. 2.3). The integration time was 300 ms for A, and 200
ms for B and C. The haemoglobin content and yeast concentration varied among
the samples (Table 2.4). Sample A had the highest concentration of haemoglobin,
while samples B and C were diluted solutions.
Table 2.4: Haemoglobin and yeast concentration for each of the samples tested.
Sample Hg (g/dL) Yeast (mg/mL)
A 11.7 1
B 8.7 3.5
C 9.8 3
AB
C
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Figure 2.17: Experimental response of the ﬁbre to changes in SO2. The plots show
the mean ratio of the reﬂectance spectrum at 637 nm to that at 797 nm (from 50
spectra at each point). The oxygen saturation for each sample was measured with
the IL682 CO-oximeter.
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The slope and intercept of each plot was calculated in order to compare the
sensitivity of the measurements to changes in oxygen saturation (see Table 2.5).
These set of results show good repeatability with values of the slope between 0.4
and 0.5, with the sample B exhibiting more variation. Compared with simulated
curves in Fig. 2.7, these results suggests that the scattering of the RBC solutions
might not be highly wavelength dependant since the curve crosses the unity as in the
case for reference [Friebel et al., 2006]. The higher slope found in the experimental
results may indicate an overall larger scattering causing an increase of interaction
events. There was no signiﬁcant di↵erence in the slope of the curves with respect
to the haemoglobin concentration for the interrogated samples nor was there any
noticeable correlation with the amount of yeast added for the this set of samples,
which may suggest a degree of insensitivity to scattering variation.
Table 2.5: Value of the experimental slopes and intercepts obtained with the Matlab
built-in function ﬁt, shown with their corresponding standard deviation.
Sample Slope Intercept
A 0.45 ± 0.02 0.59 ± 0.02
B 0.43 ± 0.07 0.64 ± 0.06
C 0.48 ± 0.02 0.61 ± 0.02
Sources of error
Although the sensitivities given by the slopes of the curves in Fig. 2.17 are encourag-
ing for SO2 detection, the high uncertainties must be also pointed out. For instance,
data in Fig 2.17 A presents the highest interrogated SO2 range. Here, the 0.025 and
0.02 standard deviation in the slope and intercept values respectively means that a
given value of Response(SO2) as given by 2.3, can correspond to any value of SO2
in a range of 18%.
The high standard deviation for each sample is possibly due to the Brownian
motion of the RBCs directly beneath the ﬁbre. Variation in signal amplitude, how-
ever, may be caused by other factors such as accumulation of cells on the ﬁbre
surface, bubble formation, and rapid settling of RBCs under gravity in the solution
after mixing. The cell accumulation at the tip of the ﬁbre can be seen in Fig. 2.18.
The ﬁbre was used for one measurement, and then, rinsed with water afterwards, a
procedure followed for all measurements.
Another factor that might inﬂuence the outcome of the experiments is the after-
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math of the sample mixing which causes bubbles to be created and the cell alignment
to the ﬂow. To analyse this, the spectrum from a RBC solution was acquired in two
stages: ﬁrst, 50 spectra were obtained from the sample immediately after mixing
every 5 minutes; second, the sample was left to rest and 50 spectra was obtained
every 5 minutes without any mixing. The results are shown in Fig. 2.19,w h i c h
exhibits a large variation in the mean ratio of the spectrum as a consequence of
mixing, while a lower variation is present for the unmixed solution. The standard
deviations, however, remain at the same level. This would impact the ﬁbre sensi-
tivity in terms of outliers pulling the slope away from the empirical response curve.
Using again Fig. 2.17 A as an example, if the value at 89%, which exhibits higher
variability among the plotted samples, is removed assuming to represent an error
in the acquisition (due to either dirt in the ﬁbre or turbulence in the sample), the
resulting slope 0.45 ± 0.021 would reﬂect that the Response(SO2) could agree with
any value of SO2 in a range of 14% (instead of the previously mentioned 18%).
100 µm
Figure 2.18: DCF tip after being used in a blood experiment and rinsed with water
afterwards
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Figure 2.19: E↵ect of the mixing in the sample for measurements taken every 5
minutes. Symbols in blue correspond to measurements of the sample immediately
after mixing with a magnetic stirrer. Symbols in red correspond to the same sample
after being left to rest.
Assuming negligible formation of bubbles these results suggest ﬁbre movement in
relation to the cells as a possible source of error. To further explore the e↵ect of the
ﬁbre’s tip movement with respect to a surface, two reference spectra were compared
in an e↵ort to have control over the distance from which light is being reﬂected.
For one measurement the ﬁbre was inserted into a 25 gauge spinal needle restricting
the movement of the ﬁbre due to vibration or air currents. Fibre and needle were
then placed at a distance of 0.5mm from the reﬂectance standard and the spectra
were acquired. A second measurement was performed in exactly the same way, but
with the loose ﬁbre (without the needle). A total of 3000 spectra was acquired for
each conﬁguration and the mean value and standard deviation at  1 = 637 nm and
 2 = 797 nm were obtained in terms of the counts provided by the spectrometer
(note that the ratio  1
 2 is not being used to avoid carrying errors). These values are
shown in Table 2.6 together with the calculated signal to noise ratio 6 (SNR).
The SNR of the spectra at 637 nm with the restricted ﬁbre was 3-fold larger
than that of the ﬁbre without needle. In the case of the spectra at 797 nm, the
di↵erence was 7-fold higher for the ﬁbre in the needle. Since all the parameters
remained the same, it can be assumed that the ﬁbre is very sensitive to movement.
This feature would not a↵ect a sample with randomly organised cells in which the
distance from the ﬁbre tip to the surface of the cells is, in average, the same even if
6SNR =
µ
  where µ and   are the mean value and standard deviation respectively of the spectra
at the speciﬁc wavelength.
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the ﬁbre position is changing.
Table 2.6: SNR from spectral measurements taken with the ﬁbre with and without a
supporting needle while acquiring spectra from a reference surface. Values of mean
and std are given in counts as provided by the spectrometer.
Needle S(  = 637nm) S(  = 797nm)
mean std SNR mean std SNR
No 36023 133 271 46516 194 240
Yes 37881 44 854 46206 27 1683
As seen here, the DCF can potentially detect oxygenation di↵erences between
venous (SO2 = 70 % ) and arterial blood (SO2 = 100 %). The next section analyses
the change in the signal from the DCF system under a dynamic change of the ﬁbre
environment simulating a needle crossing from a vein into an artery.
2.4 Crossing a barrier between two solutions
The setup was modiﬁed to interrogate the DCF under a dynamic scenario, in which
the ﬁbre crosses a boundary between two RBC solutions with di↵erent or identical
oxygenation. The modiﬁcations were made on the target arrangement.
The new setup is shown in Fig. 2.20. A plastic tube is sealed at one end using
a piece of nitrile as shown in the ﬁgure box. The tube is then attached to a beaker
using a thermometer holder. The tube and the beaker are then both ﬁlled with a
RBC solution (see Fig. 2.21). Three combinations of SO2 solutions were investigated
as summarized in Table 2.7. The DCF was placed in a 25 gauge spinal needle and
positioned inside the tube.
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Figure 2.20: The experimental arrangement was changed from its conﬁguration in
2.11 to allow for the presence of two contiguous blood samples. A tube of 5 cm
length and 8 mm diameter was held from the beaker using a thermometer holder.
The lower end of the tube was closed with a small piece of nitrile. The DCF was
introduced into a 25 gauge spinal needle to provide the sti↵ness needed to cross the
barrier at the end of the tubing.
AB C
Figure 2.21: A Picture of the needle containing the ﬁbre, which corresponds to the
upper box of the setup illustrated in Fig. 2.20. B Whole sample assembled. In
this picture the tubing contains the de-oxygenated RBCs solution and the beaker
contains the oxygenated RBCs solution. C Tubing containing the ﬁrst medium
reached by the ﬁbre. The bottom of the tubing is sealed with nitrile, which can be
easily pierced by the needle.
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Table 2.7: Values of SO2 for the three combinations presented.
SO2
beaker tube
A 98% 98%
B 74% 74%
C 98% 74%
The DCF tip was cleaved at the beginning of each acquisition and calibration
data were recorded by acquiring 50 spectra from the reference surface, and back-
reﬂection with 10 ms integration time. The measurements on RBC solutions were
performed with an integration time of 200 ms. The LabVIEW code used in the
previous section was modiﬁed to continuously acquire spectra, while plotting the
ratio
S( =635nm)
S( =797nm) on a graph. After leaving the ﬁbre in the tube for some seconds,
the needle was advanced until it crossed the nitrile barrier into the second solution.
The spectrum acquisition was performed approximately in 4 minutes, corresponding
to 2.5 minute of the ﬁbre in the ﬁrst medium, and less than 2 minutes in the second
medium. Measurements of RBC solutions with yeast prepared in the same manner
exhibited a variation of about 2% of SO2 after an hour, therefore no signiﬁcant
variation is expected here in the oxygenation values of the samples used during the
period of each individual measurement.
2.4.1 Results
Figure 2.22 shows the results obtained for these sets of experiments. The SO2 for
the oxygenated sample was 98% in all cases, and the SO2 for the de-oxygenated
sample was 74% for B and C. Total haemoglobin content was 12.4 g/dL and 12.3
g/dL for the oxygenated and the de-oxygenated sample respectively. The needle
containing the ﬁbre was advanced two minutes after starting the acquisition, and
penetrated the barrier about half a minute later.
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AB
C
Figure 2.22: Ratio of the reﬂectance at 637nm to that at 797 at each acquisition.
The ﬁbre is crossing from the the blood in the tube to the blood in the beaker. A 98-
98 % tubing-beaker SO2 ; B 74-74 % tubing-beaker SO2 ; C 74-98 % tubing-beaker
SO2
When the oxygenation was the same on either side of the barrier, no signiﬁcant
change was observed except of a perturbation at the moment the ﬁbre crossed the
barrier in Fig. 2.22 B. For the case when the oxygenation was di↵erent, the ﬁrst
200 spectra and the last 200 spectra were averaged and the change in the ratio was
found to be 0.11 for a 24% change in SO2.
2.5 Discussion
The need for veriﬁcation of the correct placement of a needle or catheter into a
vein before the advancement of large bore cannulas is of the utmost importance to
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prevent severe complications, injuries, and death.
An optical assessment of the probe’s placement has been investigated using a
small 125 µm double clad ﬁbre to perform reﬂectance spectroscopy. The particular
dimensions of this ﬁbre allow it to be coupled to a variety of the tools used during
di↵erent stages of a central venous cannulation, ranging from 22 gauge (0.718/0.413
mm OD/ID), and 18 gauge (1.27/0.838 mm OD/ID) needles to larger catheters,
and smaller guide wires. Since the purpose of the probe would be to assess the
device’s placement, the ﬁbre can be housed into a small tubing7 which can itself
be drawn into a needle or used as a guide wire. This would allow the physician to
carry out with the procedure in a traditional way and remove the optical probe after
placement conﬁrmation.
Reﬂectance spectroscopy o↵ers a simple method using safe power levels without
the need of exogenous contrast agents. However, given the small separation between
the light source ﬁbre and light collection region, combined with the high absorption
of blood, the use of this ﬁbre is limited to the assessment of the tissues immediately
surrounding the end of the DCF.
Two wavelengths, 635 nm and 797 nm were selected to identify SO2 in blood
samples. Monte Carlo simulations were performed to explore the viability of the
DCF for detecting di↵erent SO2 values using these wavelengths and the optical
parameters of blood. These computer simulations predicted that the greatest mean
depth that the photons could reach in whole blood was just 115 µmb e l o wt h eﬁ b r e .
Experimental measurements of the sensitivity of the probe in RBC solutions
showed that the DCF was only able to discern changes in oxygenation for increments
greater than 18% (and possibly up to 14%) due to the error in the signal inherent
to the small diameter and further processing steps. It is also possible that bubbles
produced by mixing of the sample contribute to the noise in the signal. Although
optical properties from yeast were not taken into account for the results, they might
slightly increase the scattering.
In spite of the low sensitivity for small SO2 variation, the double clad ﬁbre was
able to di↵erentiate between blood samples mimicking SaO2 and SvO2. A 11%
increase of signal is observed when the ﬁbre was translocated from 74% oxygenated
blood to 98% oxygenated blood. This change is equivalent to a slope of 0.46±0.07,
which is consistent to those obtained for the response curves found in section 2.3.3
(the value of the slope ranging from 0.43 to 0.48).
7For example: [MicroGroup]
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The ability of the DCF to distinguish between oxygenated and deoxygenated
blood may be of use during the aforementioned venous cannulation. An example of
another possible application would be a transseptal puncture in which a needle is
inserted into the vena cava and from there is advanced to the heart in order to gain
access to the right atrium. In this case, the DCF coupled into the transseptal needle
would be able to feedback when the device goes from the deoxygenated blood ﬁlling
the right atrium to the oxygenated blood in the left atrium.
Overall the DCF integrated into an interventional device may be useful for nee-
dle placement conﬁrmation during those procedures requiring recognition of needle
passage from a vein to an artery or vice versa. For this application, the performance
of the ﬁbre would require to be interrogated under the condition of blood ﬂux.
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Optical Epidural Catheter for
Spectroscopic Tissue
Characterisation
Epidural anaesthesia is a medical technique used in pain treatment procedures, post-
surgical treatment and during open surgery. In these procedures the applied drug
(e.g. lidocaine) can be delivered in a single injection or gradually through a catheter.
Depending on the purpose, the anaesthesia target can be the lumbar, the caudal,
the thoracic or the cervical epidural space. Caudal epidural is less favoured than
lumbar epidural because of lower anaesthetic spread and the possible absence of the
sacral hiatus (the sacral hiatus is the zone where the last sacral vertebrae failed
to fused, and thus is the place from where the needle is introduced); however, the
caudal approach is still commonly used with infants where the puncture site can be
easily determined.
Figure 3.1 shows the anatomical boundaries of the epidural space. The epidural
space encloses the dural sac within which are located the dura mater, the arachnoid
membrane, the spinal nerves and the spinal cord. Nerves roots crossing by the
epidural space to the intervertebral foramen are enclosed within the spinal nerve
root cu↵s, which are surrounded by a lymphatic network. Nerve root cu↵s are
thought to play an important role in the selective nerve root blockade during epidural
anaesthesia [Reina et al., 2008].
The epidural space is not continuous, and is reduced to a “virtual space” regularly
at vertebral levels, meaning that the structures normally enclosing the epidural space
93Optical Epidural Catheter
are in contact. The anterior part of the epidural space (towards the front of the body)
is narrower than the posterior part, and the thickness varies from 1 to 6 mm - being
widest at the lumbar level [Bridenbaugh and Cousins, 1998; Cheng, 1963].
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Figure 3.1: Boundaries of the epidural space. To the left is the front of the human
body and to the right, the back. The epidural fat encloses the dural sac, and it
extension goes from the foramen magnum at the base of the skull to the spine’s
lower end.
The epidural space, when ﬁlled, contains nerves, plexus of veins, ﬁbrous tissue
and, in the most part, epidural fat. Arteries in the epidural space are located mainly
laterally, while the valve-less epidural veins are located mainly in the anterior and
lateral parts of the epidural space, reducing the risk of a misplaced puncture.
It has been determined that the epidural fat works as bu↵er for the dural sac
protecting neural structures of the spine [Reina et al., 2006]. Epidural fat has a nity
to drugs with high lipid solubility, which remain in the fat for long periods gradually
spreading to the dural sac and the nerve root cu↵s. The injected drug can then reach
the nerves by di↵usion processes through the dural sac and the nerve root cu↵s.
In an uneventful well-placed needle insertion, a catheter is typically inserted into
the epidural space through a Tuohy needle (usually 18 gauge with 1.27/0.838 mm
OD/ID), which is a specially designed curved needle to allow the inserted catheter
94 RdPSA-2014to exit the lumen at 45 degrees. With the Tuohy needle in place, the catheter
is inserted through the cannula beyond its tip, the needle is withdrawn, and the
catheter is left in place (see Fig. 3.2).
Figure 3.2: Simpliﬁed schematic of tissue structures in the vicinity of a needle-
catheter insertion into the epidural space. SF: subcutaneous fat; SL: supraspinous
ligament; IL: interspinous ligament; SP: spinous process; LF: ligamentum ﬂavum;
ES: epidural space; DM: dura mater CSF: cerebrospinal ﬂuid; SC: spinal cord. Typ-
ical thickness of the dura mater, the epidural fat, and the ligamentum ﬂavum are
0.3 mm, 6-13 mm, and 1.4-4.7 mm, respectively [Reina et al., 1999, 2006; Abbas
et al., 2010]
In many clinical contexts, needle and catheter insertions into the epidural space
are performed without image guidance, and therefore there is a signiﬁcant risk that
they are inserted into vascular structures. Intravascular injections can cause toxicity
to the nervous and cardiovascular systems that can, if undetected, result in complica-
tions such as convulsions, hypo-ventilation, arrhythmias, hypotension, tachycardia,
and cardiac arrest. Current methods for detecting intravascular injections, which
include aspirations 1 and test doses 2 are not completely e↵ective . Moreover, even if
epidural catheters are correctly positioned, their tips can migrate into blood vessels
due to patient motion [Fivez et al., 2010; Burns et al., 2001]. In women, there is an
1An aspiration takes place to conﬁrm that neither blood nor cerebrospinal ﬂuid is found
2During a test dose, the patient reaction after a small dose of epinephrine is injected, indicates
whether it was a successful or failed placement
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increase in the size of the venous plexus during pregnancy, which may elevate the
risk of intravascular catheter tip misplacement.
Recently, several studies [Ting et al., 2010; Rathmell et al., 2010; Desjardins
et al., 2011; Lin et al., 2012] have investigated the use of optical reﬂectance spec-
troscopy to guide the placement of needles into the epidural space. With this tech-
nique, integrated optical ﬁbres deliver light to tissue at the distal end of the needle
and receive a portion of the reﬂected light. In the visible wavelength range, promi-
nent light absorbers include oxyhaemoglobin and deoxyhaemoglobin; in the near-
infrared, they include lipid, and water. The optical spectra of the received light can
be processed to highlight di↵erences in the concentrations of these chromophores and
di↵erences in the wavelength-dependence of optical scattering. As such, they can
be used to perform tissue classiﬁcation. With in vivo porcine and human studies,
the potential to directly detect incorrect placement of needles into vascular struc-
tures was also demonstrated [Brynolf et al., 2011; Balthasar et al., 2012a]. However,
in spite of the research on the Tuohy needle insertion, little has been done on the
improvement of the placement monitoring of epidural catheters.
3.1 Optical catheter system
As demonstrated in the previous chapter, reﬂectance spectroscopy can be employed
to safely interrogate tissue with optical ﬁbres. When a double clad ﬁbre is used, the
short source-detector distance allowed the interrogation of the surrounding tissue at
the very tip of the device. During epidural anaesthesia, this feature is not useful
since the catheter can migrate while delivering the drug, and the detection of blood
once in the vessel would hence be too late. In this scenario, it is necessary to
detect vascularities in advance in order to avoid accidental vascular puncture. To
address this necessity, it was proposed to use an optical epidural catheter with
embedded optical ﬁbres for constant monitoring of the device’s tip using reﬂectance
spectroscopy, ensuring that the source-detector separation is large enough for prompt
haemoglobin detection.
Speciﬁcations of this new catheter need to comply with the dimensions of a
commercial epidural catheter (the dimensions of a commonly used 20 gauge epidural
catheter are 0.85, 0.45, and 1000 mm for the outer diameter, inner diameter and
length respectively [B.Braun]), and be able to contain optical guides within its wall.
The material needs to be of medical grade, and ﬂexible enough to be curved into
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the epidural space.
A custom catheter was developed with an outer diameter of 842 µm, an inner
diameter of 447 µm, and a length of 1 m. These dimensions were consistent with
those of commercial epidural catheters. Four light guides were integrated into the
catheter wall. Each light guide had an outer diameter of 125 µm and a core diameter
of 109 µm. The light guides were arranged symmetrically (Fig. 3.3).
D R Lumen
Body
250 µm
U
U
Figure 3.3: Distal end of the optical catheter. D: delivery light guide; R: receive
light guide; U: unused light guide.
The catheter was developed with a polymer extrusion process (Paradigm Op-
tics, Vancouver, WA) that included polystyrene for the body, PMMA (polymethyl
methacrylate) for the light guide core, and THV 500G (a polymer of tetraﬂuoroethy-
lene, hexaﬂuoropropylene and vinylidene ﬂuoride) for the light guide cladding. While
the optical light guides had a transparent visual appearance, prominent absorption
in the near-infrared in the vicinity of 730 nm, 900 nm, and 1000 nm were appar-
ent in the transmission spectrum (Fig. 3.4). These absorption peaks are consistent
with previous studies [Zubia and Arrue, 2001]. The transmission spectrum was
measured using one of the light guides from an optical catheter (1 m length) and
a silica/doped-silica core/cladding ﬁbre (AFS105/125, Thorlabs; 1 m length) as a
reference.
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Figure 3.4: Transmission of the polymer guides embedded in the catheter. Promi-
nent absorption peaks can be seen at wavelengths of 730, 900 and 1000 nm.
At the proximal end of the catheter, 15-20 cm of the light guides were exposed
by dissolving the polystyrene body with cyclohexane (Fig. 3.6 A) by carefully
rubbing the ﬁbre with a cotton bud. Two of the light guides on opposite sides of the
catheter were connectorised. When exposed, the light guides had diameters slightly
larger than 125 µm (which probably occurred due to incomplete dissolution of the
surrounding polystyrene), so a diameter of 230 µm was chosen for the inner lumen of
the SMA connectors. One of the optical guides was very delicate for what it seemed
to be a fabrication issue, and could not be detached completely from polystyrene
(see Fig. 3.5); this and the opposite light guide were not used in this study.
Figure 3.5: The four light guides after exposure. The guide indicated by the arrow
was resistant to the cleaning process; the ﬁgure shows the best cleaning achieved.
Access to the catheter lumen for ﬂuid injections was provided by coupling the
proximal end of the catheter to a commercial catheter. This coupling was performed
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with a metal tube that was obtained from a 27-gauge needle (413/210 mm OD/ID)
with a length of 15 mm (Fig. 3.6 B). The ends of this metal tube were inserted into
the lumen of the optical and commercial catheters to distances of 7 mm and secured
with epoxy (F120, Thorlabs).
AB
Figure 3.6: A Fibres connectorised to the SMA connectors. B Part of a 27-gauge
needle linking the prototype catheter with a commercially available catheter for
ﬂushing of the system.
Figure 3.7: System schematic. The two connectorised light guides are connected to
the source and detector, respectively. At the proximal end, the optical catheter is
coupled to a commercial epidural catheter with metallic tubing to allow for ﬂuid to
be injected into the lumen.
For the spectroscopic acquisitions, one connectorised light guide delivered broad-
band light to tissue from a tungsten-halogen source (HL-2000, Ocean Optics). The
other received reﬂected light from tissue and delivered it to a spectrometer with a
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silicon detector array (MayaPro, Ocean Optics). The system schematic is shown in
Fig. 3.7.
The spectrometer was interrogated with custom software written in LabVIEW
v.10.01 (National Instruments, Austin, TX), which provided a real-time display
of the raw and processed spectra. The processing of the spectra acquired from
tissue, Stissue( ), included two steps: correction for background and for the light
source spectrum. Background correction involved subtraction of a dark current
spectrum,Sdark( ) , which was obtained with the light source turned o↵. Correction
for the light source spectrum involved division by a background-corrected reference
spectrum, Sref( ), which was acquired from a di↵use reference standard (SRM-99,
Labsphere, North Sutton, NH) with the catheter tip positioned 1 mm above the
surface. These processing steps, which generated a calibrated tissue spectrum S( ),
are summarized by Eq. 3.1:
S( )=
Stissue( )   Sdark( )
Sref( )   Sdark( )
(3.1)
To facilitate interpretation of the calibrated spectra, two parameters were cal-
culated. The ﬁrst parameter, H, was calculated from the values of the calibrated
spectrum at two isosbestic points of the haemoglobin absorption spectrum,  1 =
797 nm and  2= 545 nm, as shown in Eq. 3.2:
H =
S( 1)   S( 2)
S( 1)
(3.2)
The haemoglobin parameter, H, was previously deﬁned in a study that inves-
tigated the detection of intravascular penetration events during needle insertions
performed for nerve blocks in human patients [Balthasar et al., 2012a]. This param-
eter involves two wavelengths at isosbestic points of the haemoglobin spectrum for
which absorption at one wavelength ( 2) is much larger than at the other wavelength
( 1), and so making H sensitive to total haemoglobin content (HbO2 + Hb). The
sensitivity of H to the haemoglobin concentration may be more clearly understood
in terms of the absorbance. As seen in Eq. 1.19 (section 1.3.1), absorbance for a
total haemoglobin concentration cHb at wavelengths  1 and  2 is given by:
A( 1)=✏( 1) cHbLD PF+ G
A( 2)=✏( 2) cHbLD PF+ G (3.3)
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and the di↵erence of absorbance:
A( 1)   A( 2)=cHb(✏( 1)   ✏( 2)) LD PF (3.4)
In eq. 3.4 the term (✏( 1) ✏( 2)) is an optical property of the haemoglobin and
remains constant, and L is a ﬁxed geometrical distance. Therefore, provided that
the optical scattering is constant at the two di↵erent wavelengths (and subsequently
is the pathlenght scaling factor, DPF), a change in the absorbance di↵erence will
correlate with a change in haemoglobin concentration.
Given that S( ) is measuring the transmitted light T coming back from the
tissue, and that A =  log10T,t h eH parameter can be rewritten as:
H =1  10[A( 1) A( 2)] (3.5)
where A( 2) >A ( 1).
Accordingly, an increase in the haemoglobin parameter is consistent with an
increase in the haemoglobin content of tissue from which the spectrum is derived
assuming that haemoglobin is the principal absorber of tissue at those wavelengths.
The normalizing term S( 1)i ne q . 3.2 is used to compensate for any changes in
overall intensity.
The second parameter was the intensity I, which was calculated as the average
value of a calibrated spectrum over the whole wavelength range of 450 nm to 850 nm.
Variation of the average intensity in the spectrum (the average of total transmitted
light T) may also depend on the presence of other chromophores and scatterers
in tissue and not only on the total haemoglobin content. Additionally, the total
reﬂected intensity might also be a↵ected by the di↵erence in light propagation within
aligned structured tissues such as muscles or ligaments. However, the abundance or
lack of haemoglobin is hypothesized to be followed by noticeable changes of overall
intensity.
Note that the parameter H does not give a quantiﬁcation of haemoglobin con-
centration in the tissue, but rather both, H and I are meant to provide a quick
estimation of the interrogated tissue.
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3.1.1 Monte Carlo analysis for penetration depth estimation.
Monte Carlo simulations were performed with the custom software described in
Chapter 2. Figure 3.8 shows the geometry use for the simulations, where the source-
detector separation (as measured from the centre of the delivery light guide to the
centre of the retrieving light guide) was 644 µm to match the geometry of the optical
catheter (Fig. 3.3). The position from which photons entered tissue was sampled
from a probability distribution derived from the spatial dimensions of the light guide
core and the numerical aperture (NA) of the light guide. With the refractive indices
of THV and PMMA taken to be 1.35 and 1.49, respectively, the NA of the light
guide was 0.63.
Figure 3.8: Geometry of the MC simulation. The detection ﬁbre is centered in the
XY plane. Light is emitted by a ﬁbre 644 µm away from the delivery ﬁbre.
The optical properties for two tissue types were used in the simulation of photon
propagation: blood with 80% oxygenation (tissue to be detected), and adipose tissue
(main constituent of the epidural space). For each tissue type, simulations were
performed for 6 wavelengths that spanned the wavelength range of 450 nm to 850
nm. At each wavelength, 6 simulations were performed, with 1.5 ⇥ 106 photons
used in the simulation. The scattering properties of blood and adipose tissue were
obtained from Friebel et al. [Friebel et al., 2006] and Bashkatov et al. [Bashkatov
et al., 2005], respectively. The absorption coe cients of these tissues were obtained
from tabulated data [Prahl; Ariﬂer et al., 2006].
Figure 3.9 shows the results from the tissue array in the MC simulation at three
wavelengths, 545, 797, and 850 nm, with data from fat (left column), and blood
(right column) tissues. In the case of fat, higher absorption and scattering events
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can be noticed at 545 nm for this set of wavelengths. Blood absorption at the same
wavelength, is so high that light is completely absorbed after just few steps into the
tissue, and the back-reﬂected light is almost null. It is evident from these images that
the di↵erence in absorption by blood at 545 and 797 nm (the two wavelengths used
to determine the H parameter) would produce drastic di↵erences in the reﬂected
light when compared to fat interrogation.
AB
r (mm)
z
 
(
m
m
)
fat545
 
 
0 2 4 6 8
0
2
4
6
8
10  10
 5
0
5
10
r (mm)
z
 
(
m
m
)
Detected
 
 
0 2 4 6 8
0
2
4
6
8
10
 10
 5
0
r (mm)
z
 
(
m
m
)
blood545
 
 
0 2 4 6 8
0
2
4
6
8
10  10
 5
0
5
10
r (mm)
z
 
(
m
m
)
Detected
 
 
0 2 4 6 8
0
2
4
6
8
10
 10
 5
0
CD
r (mm)
z
 
(
m
m
)
fat797
 
 
0 2 4 6 8
0
2
4
6
8
10  10
 5
0
5
10
r (mm)
z
 
(
m
m
)
Detected
 
 
0 2 4 6 8
0
2
4
6
8
10
 10
 5
0
r (mm)
z
 
(
m
m
)
blood797
 
 
0 2 4 6 8
0
2
4
6
8
10  10
 5
0
5
10
r (mm)
z
 
(
m
m
)
Detected
 
 
0 2 4 6 8
0
2
4
6
8
10
 10
 5
0
EF
r (mm)
z
 
(
m
m
)
fat850
 
 
0 2 4 6 8
0
2
4
6
8
10  10
 5
0
5
10
r (mm)
z
 
(
m
m
)
Detected
 
 
0 2 4 6 8
0
2
4
6
8
10
 10
 5
0
r (mm)
z
 
(
m
m
)
blood850
 
 
0 2 4 6 8
0
2
4
6
8
10  10
 5
0
5
10
r (mm)
z
 
(
m
m
)
Detected
 
 
0 2 4 6 8
0
2
4
6
8
10
 10
 5
0
Figure 3.9: Tissue array for the case of a detector and source ﬁbres separated by
644 µm, at z=0. The left heat map shows all the absorption that took place in the
medium. Right hand heat maps show the undergone absorption by the detected
photons. Six cases are presented for comparison: A fat at 545 nm; B blood (SO2 =
80%) at 545 nm; C fat at 797 nm; D blood (SO2 = 80%) at 797 nm; E fat at 850
nm; F blood (SO2 = 80%) at 750 nm.
According to the Monte Carlo simulations, the relative intensities of light ob-
tained at two isosbestic points of the haemoglobin absorption spectrum, 545 nm and
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797 nm, varied between adipose tissue and blood. As described in the introduction,
these tissues are clinically signiﬁcant: the target location for epidural catheters is the
adipose tissue within the epidural space, and complications can arise when epidural
catheters enter veins and anaesthesia or opioids are inadvertently introduced into
the bloodstream. The average depth reached by the detected photons was greater
overall for adipose tissue than for blood (Table 3.1). For adipose tissue, it varied
from 0.90 mm to 1.03 mm for the wavelengths used in the simulations. For blood,
it varied from 0.06 mm at 545 nm (where haemoglobin absorption is prominent),
to 0.51 mm at 797 nm (where it is less prominent). Table 3.1 also shows the re-
ﬂectance values calculated by normalizing the number of detected photons at a given
wavelength to those at 797 nm.
The range of this probe (0.5-1 mm) may be useful for the earlier detection of
a vessel after a slow catheter displacement. An abrupt catheter movement could
be sensed afterwards, which still could be useful in the clinic to detect and correct
catheter placement errors.
Table 3.1: Tissue Reﬂectivity and Average Maximum Depth for Adipose Tissue and
Venous Blood Calculated with Monte Carlo Simulations.
Simulated Parameters Calculated values
WL µa µs gµ 0
s Avg. max. Relative
(nm) (mm 1)( m m  1)( m m  1) depth (mm) reﬂectance (a.u.)
Fat 450 0.0064 16.5 0.9 1.65 0.90 ± 0.66 1.3442 ± 0.0016
545 0.0008 14.5 0.9 1.45 0.94 ± 0.68 1.2580 ± 0.0011
650 0.0005 12.8 0.9 1.28 0.98 ± 0.70 1.1365 ± 0.0012
750 0.0010 11.7 0.9 1.17 1.01 ± 0.71 1.0320 ± 0.0013
797 0.0004 11.2 0.9 1.12 1.02 ± 0.72 1.0000 ± 0.0021
850 0.0006 10.7 0.9 1.07 1.03 ± 0.73 0.9550 ±0.0012
Blood 450 35.4 65 0.95 3.25 0.04 ± 0.01 0.0250 ± 0.0002
545 25.3 65 0.95 3.25 0.06 ± 0.02 0.0357 ± 0.0003
650 0.52 75 0.97 2.25 0.49 ± 0.20 0.7868 ± 0.0011
750 0.35 75 0.97 2.25 0.52 ± 0.23 0.9291 ± 0.0013
797 0.4 75 0.97 2.25 0.51 ± 0.22 0.8829 ± 0.0007
850 0.5 75 0.97 2.25 0.49 ± 0.21 0.8053 ±0.0008
With adipose tissue, the intensity of light at 545 nm was 1.25 fold of the intensity
of light at 797 nm; with venous blood, the later was 25 fold of the former. The
haemoglobin values calculated from these relative intensities are shown in Table 3.2:
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Table 3.2: Haemoglobin parameter for the MC simulations of blood and fatty tissue
as obtained by Eq. 3.2.
H value Std
Fat -0.2580 0.0029
Blood 0.9596 0.0003
3.2 Ex-vivo tissue di↵erentiation during the laminec-
tomy of a swine
A laminectomy3 at a lumbar level of a spine was performed that ultimately exposed
the spinal cord. This laminectomy was performed at Northwick Park Institute for
Medical Research (NPIMR) by Dr. Simeon West; Anaesthesiologist. The intact
adult swine (Large White; female; 50 kg) was received approximately 15 minutes
after sacriﬁce, and the laminectomy was conducted within a time period of 2 hours.
The swine had been used in the context of an in vivo experiment by another research
group that involved a superﬁcial skin experiment. Therefore, as veriﬁed by the
NPIMR, additional ethics approval was not required for the experiments conducted
in this study. The previous experiment did not a↵ect the lumbar region of the spine
and did not involve the use of optical contrast agents.
The laminectomy was performed in stages. At each stage, a new tissue layer was
revealed, and the catheter was manually positioned with its distal tip perpendicular
to the tissue surface (Fig. 3.10). Care was taken not to exert pressure on the tissue
with the catheter. Spectra were obtained from the surfaces of tissue types commonly
encountered by the distal tip of an epidural catheter: ligamentum ﬂavum, epidural
fat, and dura mater. Additionally, spectra were obtained from a 5 mL sample of
venous blood extracted from the epidural venous plexus that was placed in a test
tube (diameter: 1 cm); the catheter was positioned in the centre of the sample.
For each tissue type, 20 spectra were acquired with a 1 second integration time per
spectrum.
3Surgical procedure in which a part of the vertebra (the lamina) is removed.
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Figure 3.10: The region around the spinal cord showing the tip of the optical catheter
(arrow) on the surface of the dura mater (DM). Adjacent to the DM were the epidural
fat (EF) and the ligamentum ﬂavum (LF).
3.2.1 Results
The results of the spectra and their corresponding haemoglobin and intensity pa-
rameters are shown in Fig. 3.11. The black soft curve shows the mean spectrum
of the 20 spectra taken at each location, with the standard deviation plotted as the
red noisy curves.
The spectra acquired from tissues during the laminectomy exhibited absorption
peaks, which manifested as lower signal intensities within speciﬁc wavelength ranges.
Absorption peaks at wavelengths in the range of 500 nm to 600 nm were consistent
with the presence of haemoglobin [Prahl], which included those at 542 nm and
576 nm (oxy-haemoglobin) and 556 nm (deoxy-haemoglobin). Deoxy-haemoglobin
absorption peaks at 757 nm [Prahl] were not visually apparent.
Several artefacts in the spectra were apparent. The absorption peak at 733 nm
corresponds to the prominent absorption peak of the light guides shown in Fig.
3.4 and is consistent with imperfect background subtractions or white-balancing.
Further, negative regions in the spectra acquired from blood arise from imperfect
background subtractions. Finally for low intensities of reﬂected light, changes in
ambient light in the room may have a↵ected the spectra.
Pronounced di↵erences in the intensity and haemoglobin parameters obtained
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from the withdrawn blood and from the other three tissue types were observed. In
particular, the mean intensity parameter obtained from blood tissue was 45-fold
smaller than that obtained from adipose tissue. The relative similarities between
the mean intensity parameters obtained from the ligamentum ﬂavum, dura mater,
and epidural fat were consistent with the very similar visual appearances of these
three tissues (mainly whitish). The mean haemoglobin parameter obtained from
adipose tissue was 14-fold smaller than that obtained from blood tissue. The relative
similarities of the mean haemoglobin parameters obtained from the other tissues were
consistent with their white visual appearances.
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Figure 3.11: Mean spectra acquired during the laminectomy from ligamentum
ﬂavum (A); epidural fat (B); dura mater (C); blood (D). Dashed vertical lines
correspond to haemoglobin absorption peaks (red: oxy-haemoglobin; blue: deoxy-
haemoglobin). Solid vertical lines correspond to the isosbestic points of the
haemoglobin absorption spectrum that were used to calculate the haemoglobin pa-
rameter. To the right of each spectrum: the corresponding mean intensity (I) and
haemoglobin (H) parameters and their standard deviations.
3.3 Automated discrimination between blood and non-
blood tissue spectra
With the objective of testing the predictive power of spectra for discriminating
between blood-rich versus non-blood tissues, further spectra were acquired with the
optical catheter from chicken wings obtained from a meat supplier. Spectra from
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blood vessels were expected to exhibit a smaller haemoglobin parameter than that
from whole blood, as was the case in the swine experiment mentioned above.
Additionally, it was hypothesized that other features in the spectra can be used
to discriminate between tissues with di↵erent blood content. To test this hypothesis,
an automated statistical learning method was employed for the task of classifying
blood-rich versus non-blood tissues. These types of algorithms typically estimate
the parameter of a probabilistic model given vectors of data features in a training
set in order to predict the class of future samples. The entries of the feature vectors
to input into the algorithm was the selected set of 892 wavelengths from 450.317 nm
to 849.712 nm as acquired by the spectrometer. Spectra acquired from small vessels
surrounded by other tissues were labelled as blood-rich tissues while the remaining
spectra were labelled as non-blood tissue.
The spectral acquisition used the same setup as shown in Fig. 3.7. A total of
173 spectra were acquired from 4 chicken wings, with 19 corresponding to skin, 24 to
muscle, 45 to fat, 39 to blood vessels, and 46 to ﬁbrous tissue. For each sample the
catheter was carefully positioned and 50 spectra were acquired with an integration
time of 600 ms. The catheter was ﬂushed and cleaned between acquisitions, and the
tip’s surface inspected; a new cut and polish of the catheter tip was performed if
needed.
3.3.1 Classiﬁcation
In many scenarios such as the one presented here in which a correctly placed device
needs to be left in the body for a prolonged time, an automated discrimination
between blood and non-blood tissue in real time would greatly help the physician
during the invasive procedure. Using the spectra acquired from chicken tissue as
described above, a proof-of-concept test of an automated method for classifying
spectra originating from blood-containing and non-blood tissue types was performed.
To this end, each spectra was treated as an n-dimensional vector in which each
entry was a wavelength readout given by the spectrometer; the distance between
wavelengths used are plotted in Fig. 3.12. A principal component analysis (PCA)
was performed over the whole set of acquisitions to visualize the spectral space in a
two-dimensional plot using the ﬁrst two principal components.
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Figure 3.12: The original 892 wavelength set does not comprise wavelengths equally
distributed. Values of larger wavelengths were closer to each other than the values
of shorter wavelengths.
PCA reduces data dimensionality from n-dimensions (the number of features) to
k-dimensions. The PCA analysis ﬁnds the k vectors on to which data is projected
while minimizing the projection error. The new vectors are found by computing the
eigenvectors of the covariance matrix:
⌃=
1
m
n X
i=1
(x(i))(x(i))T (3.6)
where m is the number of samples, and x(i) is the ith sample. In this case the ﬁrst
two principal components (k = 2) were chosen so that the discrimination between
blood and non blood tissues was visualised.
Figure 3.13 shows the sample set mapped to the ﬁrst two principal components.
It is noticeable that blood and non-blood tissue spectra formed two clusters that
were almost completely linearly separable. This analysis suggests that using a simple
linear classiﬁcation method for discriminating blood from non-blood tissue is feasi-
ble. Additionally, Fig. 3.14 shows the eigenvector and eigenvalues from the PCA.
The large gap from the ﬁrst to the second eigenvalues, 820.5 to 64.6 respectively,
indicates that the most of variance (92%) can be explained with the ﬁrst component,
with an eigenvector for which all wavelengths have a similar magnitude. Further-
more, the second eigenvector embodies the data property that the intensity from
larger wavelengths is higher than at shorter wavelengths in most of the spectra.
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Figure 3.13: Principal components analysis over the 173 instances showing that the
spectra, in this case, were able to be linearly separated among the two speciﬁed
classes: blood and non-blood related tissues.
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Figure 3.14: Eigenvectors and corresponding eigenvalues of the PCA.
Logistic regression
Encouraged by the visual separation of the two tissue classes in the PCA analysis
above, logistic regression was employed to develop a model that would automatically
classify blood and non-blood tissue spectra. Logistic regression seeks to calculate the
parameters (feature weights) of a linear boundary (a n-1 dimensional hyperplane that
separates two regions between the n-dimensional sample space) that best separates
the two classes. To achieve this, a probabilistic model is deﬁned using the logistic
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function. Let x be a sample and y be its respective class represented by a value in
{0,1}, then the probability of a sample belonging to class 1 is deﬁned as4:
P(y =1 |x)=
1
1+e ✓Tx (3.7)
where ✓ are the feature weights to estimate.
The goal is to ﬁt this model by ﬁnding the optimal parameters ✓ that maxi-
mizes the likelihood function L(✓) of the training data x(1),...,x (m) with classes
y(1),...,y(m):
L(✓)=
m Y
i=1
P(y = y(i)|x(i)) (3.8)
This optimization is usually performed using a gradient descent on the log-
likelihood (logarithm of the likelihood) function l(✓):
l(✓)=
m X
i=1
log[P(y = y(i)|x(i))] (3.9)
Since the number of wavelengths measured for each sample (n=892) was larger
than the number of samples (m=173), a straightforward application of logistic re-
gression would be prone to overﬁtting. To avoid over-ﬁtting, two separate strategies
were employed. First, since many of the 892 wavelengths measured in each sample
spectrum were assumed to be highly correlated across samples (for example, wave-
lengths falling within short contiguous intervals, e.g., near an absorption peak, had
similar values), only a subset of these wavelengths provided independent information
of the sample. Feature selection was used to ﬁnd the best subset of wavelengths for
classiﬁcation. In a second approach, regularization was used to reduce the e↵ects of
large number of features (wavelengths).
For feature selection, an information gain metric was used to score the predictive
power of each wavelength for the blood and non-blood classes. The information gain
score of wavelength W is given by:
InfoGain(class,W)=H(class)   H(class|W) (3.10)
where H(class) is the entropy (a measure of the uncertainty in a random variable),
4Note that P(y =0 |x)=1 – P(y =1 |x)
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and H(class|W) the conditional entropy deﬁned as:
H(class)= 
X
c2class
P(c)logP(c) (3.11)
H(class|W)= 
X
c2class
X
w2W
P(w,c)logP(c|w) (3.12)
For the second strategy, a regularization of the logistic likelihood function using
all wavelengths was used to mitigate over-ﬁtting and reduce model complexity. Re-
gularisation strategies add penalties to the likelihood function that select against
complex models. For example, common regularization techniques for linear regres-
sion include adding a negative term to the least squares likelihood that depends on
the magnitude of the regression coe cients: the larger the coe cients, the larger
the penalty and the less likely they will be chosen as a solution. In our logistic cla-
ssiﬁer, we use a common regularization term adding a penalty to the log-likelihood
function:
lreg(✓)=
m X
i=1
log[P(y = y(i)|x(i))]    
n X
j=1
(✓j)2 (3.13)
where   is the regularisation parameter.
Algorithm evaluation
Logistic regression was implemented in the software Weka [Hall et al., 2009] (version
3.6.8) from the University of Waikato. The F-score, accuracy and cross-validation
error were used to evaluate the algorithm.
The F-score F and accuracy of the classiﬁcation are deﬁned as:
F =
2TP
2TP + FN + FP
; Accuracy =
TP + TN
TP + FP + TN + FN
(3.14)
where TP is the number of true positives, FP is the number of false positives, TN
is the number of true negatives, and FN is the number of false negatives obtained
during the classiﬁcation.
The cross-validation root mean squared error, is the error over a subset of in-
stances mCV as obtained by:
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RMSECV =
sPmCV
i=1 (h✓(x(i))   y(i))2
mCV
(3.15)
where h✓(x(i)) and y(i) are the ith predicted and actual values respectively.
3.3.2 Results
Pictures of some of the samples taken for each of the tissues inspected are shown in
Fig. 3.15 to Fig. 3.19, together with their corresponding mean spectrum, intensity
and haemoglobin parameters. The black soft curve shows the mean spectrum of the
50 spectra taken at each location, with the standard deviation plotted as the green
noisy curves.
Aside from the overall high reﬂectivity due to low haemoglobin content, spectral
features from fat and skin were visually similar in most cases, which may likely
be due to the high content of lipids in chicken skin. In the case of both tendons
and muscles, the spectra presented evident increasing or decreasing tendencies. A
hypothesis of this behaviour is that these organised tissues vary their scattering
response depending on the cell’s orientation with respect to the catheter surface.
As expected, the value of the haemoglobin parameter was higher when interro-
gating the blood vessels than in other tissues. Peaks at oxy-haemoglobin absorption
wavelengths were present in most of the spectra, even for those of low haemoglobin
parameter. For the vessel shown in 3.15 A, a high haemoglobin parameter and low
intensity was consistent with the size of a vessel larger than the tip of the catheter,
and the peak at 757 nm was highly pronounced indicating the presence of deoxy-
haemoglobin.
The artefact at 733 nm was also present during the acquisition; however, this
peak was not as pronounced as in the previous experiment. The positioning of the
ﬁbre at certain locations such as within the ﬁbrous tissue was imprecise due to the
slippery surface; therefore it is possible that the tip of the catheter was not in total
contact with the tissue. There were no negative regions in any of the spectra.
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Figure 3.15: Placement of the catheter tip in blood-related tissues. To the right
of each ﬁgure is the acquired spectrum acquired and its respective intensity and
haemoglobin parameter.
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Figure 3.16: Placement of the catheter tip in fat. To the right of each ﬁgure is the
acquired spectrum acquired and its respective intensity and haemoglobin parameter.
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Figure 3.17: Placement of the catheter tip in the chicken skin. To the right of each
ﬁgure is the acquired spectrum acquired and its respective intensity and haemoglobin
parameter.
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Figure 3.18: Placement of the catheter tip in tendons. To the right of each ﬁg-
ure is the acquired spectrum acquired and its respective intensity and haemoglobin
parameter.
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Figure 3.19: Placement of the catheter tip in muscles. To the right of each ﬁg-
ure is the acquired spectrum acquired and its respective intensity and haemoglobin
parameter
Since this work focuses in blood detection, spectrum values at wavelengths below
850 nm seemed enough to detect haemoglobin absorption. It might also seem tempt-
ing to use the transmission peak at 945 nm shown in Fig. 3.4 to obtain information
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about the presence of lipids; however, the fat absorption peak at 930 nm falls into
a noisy region which might not carry useful information in all the acquired spectra
(Fig. 3.20 dotted line at 930 nm). Future prototypes could be constructed with
materials which transmit better at wavelengths were lipid absorption is present.
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Figure 3.20: Extended spectra showing the wavelengths around the 945 nm trans-
mission peak (Fig. 3.4) for the catheter placed in: A (Fig. 3.15) fat and, B blood
(Fig. 3.16). Noise around transmission windows was excluded. The dotted line at
930 nm corresponds to a lipid absorption peak [Prahl].
The two previously mentioned alternatives to avoid overﬁtting were explored.
The regularization parameter   and the number of selected features were found
in each case using 10 fold cross-validation, and selecting the values that led to
the minimum error. Cross validation error plots are shown in Fig. 3.21. For the
regularized algorithm (Fig. 3.21 A), the regularization parameter found to balance
the results was   =0 .08.
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Figure 3.21: Cross validation error for A, regularized logistic regression under pa-
rameter  ; and for B logistic regression applied to a subset of selected wavelengths.
It can be noticed from Fig. 3.21 B, that for n = 26 features, a minimum cross
validation error is achieved. The selected features in this case were: 451.24, 450.32,
451.7, 576.47, 577.37, 576.92, 543.77, 536.93 576.01, 544.22, 579.64, 546.04, 580.09,
578.28, 577.82, 579.18, 578.73, 541.49, 540.58, 541.03, 542.86, 543.31, 541.95 542.4,
538.3, and 537.39 nm. The selection of these wavelengths may be explained by
being within a region for which the absorption by both oxy and deoxy-haemoglobin
is strong (di↵erent blood oxygenation was not being considered).
The evaluation metrics for the three cases: logistic regression without regulariza-
tion, regularized logistic regression, and logistic regression over the 26 wavelengths
found in the feature selection, are shown in Table 3.3.
Table 3.3: Classiﬁcation scores for logistic regression
Accuracy RMSECV F-score
All data (no regularization) 98.27 % 0.1285 0.961
Regularization:   =0 .08 98.84 % 0.0908 0.974
Feature Selection: n = 57 98.84 % 0.1099 0.974
While encouraging, these results are still preliminary. For future work, a larger
sample set of spectra from tissues more similar to those found in the epidural space
would be needed for the further exploration of the utility of this automated tissue
classiﬁcation framework.
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3.4 Discussion
In this chapter, an optical epidural catheter with integrated light guides was pro-
posed to reduce the risk of intravascular injection during epidural anaesthesia. The
catheter used in this study had four light guides but only two were used in this pilot
study. Reﬂectance measurements with di↵erent source-detector distances could be
performed with additional light guides, which would have the potential advantage
of performing spectroscopic sensing at di↵erent tissue depths [Ariﬂer et al., 2006;
Utzinger and Richards-Kortum, 2003]. For the geometry of the light guides, the
source-detector separation was 644 µm. The resulting average maximum depth in
the fat and blood tissue simulations was consistent with those obtained by Ariﬂer
et al. [Ariﬂer et al., 2006].
The haemoglobin and intensity parameters facilitated comparisons between spec-
tra. An important beneﬁt of these parameters is that they can be related in a
straightforward manner to visual features in the spectra. A limitation is that they
are not directly related to chromophore concentrations or to morphological features
of tissue. Indeed, they can be confounded by the presence of additional tissue chro-
mophores such as beta-carotene, and by variations in the wavelength dependence of
optical scattering. To estimate the concentrations of oxy- and deoxy-haemoglobin
in tissue, it may be important to account for multiple factors such as the aggrega-
tion and ﬂow of erythrocytes, and the concentrations of plasma constituents such as
bilirubin and platelets [Meinke et al., 2007].
The measurements acquired from the epidural region of the swine with the optical
catheter during the laminectomy demonstrated that there were prominent di↵erences
in the optical reﬂectance spectra acquired from blood and from adjacent tissues. This
ﬁnding is clinically signiﬁcant, as it highlights the potential of optical reﬂectance
spectroscopy to provide catheter guidance and to detect intravascular catheter tip
placement in particular.
With measurements limited to one cadaveric specimen, the observed di↵erences
in the acquired spectra and the corresponding haemoglobin and intensity parameters
provide only an initial indication of the variability of the spectra. Follow-up studies
performed in multiple subjects in vivo are required to determine optimal thresholds
for the haemoglobin and intensity parameters and to estimate the sensitivity and
speciﬁcity with which detection can be performed. In an in vivo context, several
factors could inﬂuence the optical reﬂectance spectra, including tissue heterogene-
ity, variable amounts of beta-carotene in the epidural fat [Reina et al., 2006], and
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variations in the pressure imparted by the catheter on tissues. The volume of saline
that is injected by the Tuohy needle as part of the loss-of-resistance test used to
detect the epidural space, which may a↵ect the delivery and collection of light at
the optical catheter tip, is variable. Follow-up studies are required to determine
di↵erences between optical reﬂectance spectra acquired with the catheter tip within
an epidural vein and adjacent to the outer surface.
As an alternative to the construction of a deterministic model based on speciﬁc
chromophores absorption, a statistical approach based on classiﬁcation algorithms
was proposed to be used in larger data sets. A series of acquisitions were performed
in ex-vivo chicken tissue to assess the viability of this approach.
Measurements from the catheter in contact with blood vessels of various diam-
eters were possible in this set of experiments. In this case, the results also showed
signiﬁcant di↵erences between the haemoglobin parameter from blood-rich tissues,
and non-blood tissues. Spectra from other regions such as skin, muscle and ﬁbrous
tissue exhibited a very low haemoglobin parameter.
From the PCA, the data set appeared to be linearly separable for the two classes:
blood and non-blood related tissues. Logistic regression showed good performance
during the test with F-scores over 0.9. These results are encouraging for the further
exploration of this method to detect the proximity of vascularity to the tip of the
catheter. Proper assessment and optimization of the techniques would be feasible
with data from the epidural space and adjacent regions. The acquisition of a larger
set of data would allow for a more robust classiﬁcation that could also include
predictions of oxygenation levels.
On the other hand, the materials used for construction of this catheter prototype
had several limitations. As a material to construct the catheter body, polystyrene
had the advantage that it could readily be removed with cyclohexane to expose
the optical light guides. However, its use resulted in a catheter that was more
rigid than those available commercially, and the optical catheter in this study broke
for bending radii in the range of 1.5 to 2 cm. These mechanical characteristics
are incompatible with clinical practice. Future versions of the catheter could be
developed with more ﬂexible materials such as a medical grade polycarbonate such
as Zelux GS (David Welker, Paradigm Optics, personal communication). Second,
the PMMA light guides had prominent absorption peaks in the visible range and the
very low transmission made them impractical for wavelengths greater than 1000 nm.
Prominent absorption features at 1210 nm associated with the presence of lipids were
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previously shown to be relevant for guiding a spinal needle into the epidural space
[Desjardins et al., 2011] and it is likely that they could be advantageous for catheter
guidance as well. The limitations of PMMA could potentially be overcome with
certain perﬂuorinated plastic optical ﬁbres that allow for transmission at wavelengths
up to 1300 nm [White]. Along the translational path, maintaining low fabrication
costs will be an important consideration, as catheters are disposable products in
current clinical practice.
Modiﬁcations to ﬁbre coupling are required in order to make the optical catheter
compatible with current clinical practice. Typically, a Tuohy needle is withdrawn
over the entire length of the catheter after the catheter has been inserted. This
procedure could not be performed if conventional optical ﬁbre connectors are present
at proximal ends of the light guides; the connectors are too bulky to ﬁt within the
needle. In future versions of the optical catheter, this problem could be solved by
performing light coupling into the light guides without optical ﬁbre connectors, using
optical side ports in the body of the catheter.
A possible prototype using this principle is shown in Fig. 3.22 and 3.23 for a
conﬁguration with two equidistant optical guides. Figure 3.22 shows the ﬁrst stages
the catheter would undergo for the contactless connection. First, the optical guides
need to be exposed, and the exposed surface of the remaining ﬁbre in direction
towards the catheter feeding must be covered with an absorber (a, in the ﬁgure) to
avoid undesired reﬂections.
Figure 3.22: Possible connections for a prototype with two optical guides. A Tip’s
surface showing the two guides with the same dimensions as those use in this work.
B Removal of material from the catheter to expose the optical guide. C Cut optical
guide with an angle to let the light come from and towards the catheter; cover
the other exposed surface of the guide with an absorbent material (a) to avoid any
reﬂection.
After this, the catheter would require to be re-coated at the areas where the
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ﬁbre has been exposed (f in Fig. 3.23). Since this path will be use for light to
travel out and into the ﬁbre, the coat must use a matched index material (matched
with ﬁbre’s refractive index) to achieve minimum loss. This design would be able
to be withdrawn as any commercial catheter (and e↵ectively look like a commercial
catheter). The di culty in this case would be the construction of catheter holder,
and aligning methodology to be able to focus the light into the small window, and
collect it in a similar way.
Figure 3.23: The space could then be ﬁlled with an index matching material (f).
This catheter then could be mounted in an speciﬁcally designed structure that could
focus the light to the source guide (S), and collect it from the detection guide (D).
Also in future version, the distal end might be modiﬁed. In many commercial
catheters, ﬂuids are released through multiple holes that extend from the lumen
to the side wall, with the distal end face sealed. This feature is not present in
all catheters, with some commercial catheters having a central lumen like the one
shown here for the optical catheter [Pajunk], however the need of these lateral-eyed
catheters need to be addressed. To allow for optical reﬂectance measurements to be
acquired from the distal end, the holes will need to be positioned carefully to avoid
intersections with the light guides. The light guides could be modiﬁed so that light
is directed to the side wall, perpendicular to the long axis of the catheter, to allow
for sensing in the speciﬁc regions where ﬂuids are released.
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Multispectral photoacoustic
imaging of blood
In the previous chapter, reﬂectance spectroscopy was employed for the continuous
monitoring of the immediate environment of an epidural catheter. The same tech-
nique was used to di↵erentiate between venous and arterial blood using a double
clad ﬁbre. Reﬂectance spectroscopy o↵ered a simple method incorporated into a
small size device for the detection of risky structures. However reﬂectance spec-
troscopy can only interrogate tissues near the optical ﬁbres used for illumination
and detection. There are medical situations where the detection of risky structures
is needed sooner.
For instance, peripheral nerve block is a technique used for anaesthesia, analge-
sia, and for the treatment of pain [Miller and Pardo Jr., 2011]. During this procedure
a drug is deposited in the proximity of a nerve (between the nerve’s outermost layer
and the tissue surrounding it). Figure 4.1 shows an example of an ultrasound guided
femoral nerve block [Brown, 2010]. It is common to perform nerve blocks with ul-
trasound guidance, however there are cases for which needle visualisation can be
misleading due to its relative position to the transducer, so that the insertion an-
gle of the needle causes the acoustic wave to be reﬂected in a direction out of the
scope of the ultrasound detector [Sites et al., 2012]. There are also cases for which
the pressure by the ultrasound transducer collapses a vessel making it not visible
[Robards et al., 2008]. A study on orthopaedic patients showed a 5% incidence of
vascular puncture [Wiegel et al., 2007]. Local anaesthetic systemic toxicity caused
by injecting anaesthetic into a blood vessel, is a risk that can carry dangerous con-
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sequences such as seizures and cardiac arrest [Mulroy, 2002]. Another complication
derived from a vascular puncture during peripheral block nerves is the formation of
haematoma that can damage the nerve by the restriction of a blood supply (pressure
ischemia) [Wiegel et al., 2007]. Therefore, the detection of a proximal blood vessel
well in advance to the needle puncture is desirable.
AB
Figure 4.1: Femoral nerve block. A Intervention site; B Ultrasound guided interven-
tion. FN: femoral nerve; FA: femoral artery; FV: femoral vein; IL: inguinal ligament;
US: ultrasound probe.
In this context, photoacoustic techniques have been explored as an alternative
complementary tool to ultrasound in order to overcome the loss of visibility due to
acoustic reﬂections and the presence of other artefacts such as bouncing echoes and
speckle. As mentioned in Section 1.3.2, another advantage of using PA techniques is
that they can also overcome the limited spatial resolution of pure optical methods.
Researchers have been able to image structures more than 2 cm into tissue for
investigations on needle visualization and target identiﬁcation [Kim et al., 2010,
2011]. Photoacoustic imaging of the needle is possible due to the high absorption
coe cient of its stainless steel constituents [Su et al., 2010].
Photoacoustic imaging, basically requires illumination of the tissue of interest,
and then collection of the acoustic response. While in the works of Su et. al. and
Kim et. al. [Su et al., 2010, 2011; Kim et al., 2010, 2011] a light source ﬁxed to the
ultrasound transducer illuminates the tissue from the surface, Piras and co-workers
[Piras et al., 2013] performed photoacoustic imaging with illumination coming from
an optical ﬁbre placed within the needle. In this case, the tip of the needle could
still generate a photoacoustic signal while illuminating the target tissue.
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One advantage of illuminating the tissue from the needle is the simplicity of the
illumination system that does not hinder the manipulation of the detection probe.
However, this illumination also causes variation in the detected photoacoustic signal
while the needle is approaching the target tissue. This variation depends not only
on the properties of the target but also on the properties of its surroundings which
a↵ects the light distribution reaching the interrogated volume.
In this chapter, empirical investigation of the proximity of the ﬁbre to a blood-
vessel-like structure in terms of the detected photoacoustic signal is presented. A
multispectral analysis is performed to obtain an insight into the e↵ects of di↵erent
wavelengths for a given chromophore. Two targets were interrogated. The ﬁrst was
a tubing containing India ink immersed in a low concentrated solution of scatterers.
This target was used to get an approximate range of ﬁbre-tubing distances to inter-
rogate. The second target consisted of a tubing containing a RBC solution, in this
case the tubing was immersed in a tissue-like scattering medium (µ0
s = 1).
4.1 Multispectral photoacoustic system
Regional anaesthesia equipment vary between procedures. For instance, for US
imaging of the axillary and upper extremity regions, US probe frequencies of 10-15
MHz are commonly used, although lower frequencies are preferred in infraclavicular
and gluteal regions [Marhofer and Chan, 2007]. On the other hand, the needles
used for peripheral block nerves are commonly 20 gauge (908/603 µm, OD/ID) to
22 gauge (718/413 µm, OD/ID), or 17 gauge (1.47/1.07 mm, OD/ID) to 19 gauge
(1.07/0.69 mm, OD/ID) if a catheter is to be used [Nima-Shariat et al., 2013]. With
this in mind an US/PA array transducer built into a US clinical-style imaging probe
was used here as an acoustic detector, this probe would add no further complexity
to the already existent maneuvers. The aim of this work then, is to have a procedure
in which the familiar US image is presented with more information regarding tissue
identiﬁcation (in this case, the presence of blood).
4.1.1 Setup speciﬁcations
Figure 4.2 shows the schematic of the setup used in these experiments. An optical
parametric oscillator (VersaScan L-532, GWU-Lasertechnik) was used as the light
source for the photoacoustic (PA) signal. The oscillator (OPO) was pumped by a
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frequency-doubled Q-switched Nd-YAG laser at 532 nm (Quanta-Ray INDI-40-10,
Spectra-Physics), with 10 Hz repetition rate, and 6 ns pulse width.
Two beams are generated at the OPO: the “signal” with wavelengths from 700 to
1000 nm and the “idler” with wavelengths from 1100 to 2200 nm. These beams are
separately coupled to silica-silica multimode optical ﬁbres (FG910LEC, Thorlabs)
with a core diameter of 910 µm, and a coating diameter of 1035 µm. Experiments
for the imaging of haemoglobin here, were performed using only the signal beam.
Although this ﬁbre can still be ﬁtted into a 17 gauge needle, further experimentation
may try to employ smaller diameters to improve the versatility of the method.
The samples for the experiments were contained in a THV-500 tubing with 2.80
mm inner diameter and 3.15 mm outer diameter (Paradigm Optics, Washington,
USA) placed in a tank ﬁlled with a solution of intralipid. An acoustic polyurethane
absorber (AptFlex F28, Precision Acoustics, Dorchester, UK) was placed at the
bottom of the tank to reduce acoustic reﬂections. The ﬁbre was cleaved, polished,
and placed directly within the tank, with an angle of 30   to the surface.
Wavelength 
selection
OPO
Pumping
 laser
Acquisition 
trigger
PC
Scanner
Probe
Sample  910  m
Fibre
Absorber
Figure 4.2: Experimental setup. The OPO deliver light to the sample. The acoustic
signal is detected with the ultrasound transducer and acquired by synchronization
with the laser.
Acquisition and display of the PA signal was performed by a dedicated software
and hardware (imaging probe, scan, and PC) for data acquisition, beam-forming
and image generation (UltraVision Research Platform, Winprobe, Florida, USA).
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The detector consisted of a linear array of 128 ultrasound transducer elements with
a nominal bandwidth of 5 to 14 MHz. The PA acquisition at the scanner was
triggered by the output of an AND gate whose input was a pulse generated by the
PC, and a timing pulse synchronous with the Q-switching of the laser. This trigger
had the purpose of waiting for the wavelength change at the OPO, and controlling
the acquisition rate. Wavelength change was achieved by the motorised rotation of
the OPO crystal. A B-mode ultrasound (US) signal was acquired immediately after
the PA signal acquisition.
The ultrasound scanner processed the data generating an US image of the target
in real time with an overlay of the PA response. Time gain compensation (TGC)
was use to compensate for the di↵erent depths at which the sample was being in-
terrogated. The TGC was manually adjusted to amplify the signal at the portion
of irradiated tubing while trying to keep low noise levels. Once adjusted, the TGC
parameters remained the same for all acquisitions in the experimental session. The
envelopes of the radio frequency waves were then saved (see Appendix B) for their
posterior analysis. A set of acquisitions was obtained for di↵erent wavelengths within
the range of 700 nm to 900 nm.
4.1.2 Data analysis
For each experiment presented here, a set of frames acquisitions (k = 15 or 30 frames)
were obtained from a speciﬁc sample setting and given wavelength. An experimental
session corresponds to a series of experiments Framei
k( j) for a varying position i
of the ﬁbre (light source), and wavelength  j in the range from 700 nm to 900 nm.
A region of interest (ROIPA) for each of the stored PA frames (Framei
k( j)), was
deﬁned in the corresponding irradiated area within the tubing. Additionally a second
region, ROInoise, with approximately the same area as ROIPA was deﬁned where no
PA signal was expected due to the absence of strong chromophores. This ROInoise
was used for ﬁltering the data so that “empty” frames for which the mean value at
ROIPA (µi
k( j),) were below the threshold deﬁned in Eq. 4.1, were discarded.
thresholdi
kn o i s e ( j)=µi
kn o i s e ( j)+ i
kn o i s e ( j) (4.1)
where µi
kn o i s e ( j) and  i
kn o i s e ( j) are the mean and standard deviation for values
at ROInoise (from frame Framei
k( j)).
An image was obtained from the frame to help deﬁne the regions of interest. The
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ROInoise region was chosen to be as close as possible to the ROIPA,h o w e v e ri tm a y
not reﬂect the actual noise at ROIPA depth due to di↵erences in signal attenuation.
Thus the ROInoise placed above the irradiated region is underestimating the noise
values in the deeper ROIPA.
Once the empty frames were ﬁltered, a corrected value µi
kc o r r ( j), from the light
source power at di↵erent wavelengths (and a speciﬁc ﬁbre position) was obtained
for the remaining mean values by:
µi
kc o r r ( j)=
µi
k( j)
Psignal( j)
(4.2)
where the power Psignal was measured with a Vector H410 power meter (Scientech,
Boulder, CO) from the distal end of the ﬁbre. Psignal( j)=E ⇥ PRR,i st h e
average power at the output of the ﬁbre at wavelength  j for the pulse energy E
and repetition rate PRR of the light pulse.
Following, the median of each set (of k frames) of mean values for a speciﬁc
wavelength and ﬁbre position was evaluated together with the median absolute de-
viation (MAD). These statistics was chosen due to its robustness given the observed
variability of the PA signal among frames. A curve with the values of the median
at each wavelength and the corresponding MAD error was plotted for each position
of the ﬁbre. Figure 4.3 shows the sequential steps in the processing for a given ﬁbre
position 1.
1Here, the wavelength ﬁle is saved by a LabVIEW code that controls the wavelength selection.
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Figure 4.3: Initial frames from the scanner are assigned to a wavelength using a
time ﬁle. The mean value in a ROI is obtained for each frame. The mean values
are then ﬁltered and normalised, after which the median and the median absolute
deviation are calculated.
4.2 Monte Carlo simulations
Experiments were performed on two samples: diluted India ink, and RBC solutions.
These samples were contained in a THV tubing immersed in an intralipid solution.
PA and US images of the tubing were obtained at di↵erent distances from the ﬁbre.
This section presents a series of MC simulations performed to better understand
the combined e↵ect of the intralipid and the sample optical properties, over the
absorption taking place at the sample.
4.2.1 Geometry
To speed up the simulation, the geometry used makes a rough approximation: only
two layers are deﬁned, and reﬂections at the boundaries are not being considered.
The ﬁrst layer corresponds to the properties of intralipid, while the second layer is
set for the parameters of the sample (either oxygenated blood or diluted India ink).
Photons are launched from a 910 µm diameter source with a numerical aperture of
0.22. Photon detection is performed by storing the weight lost by the photon packet
in a region of 1⇥1⇥1 mm located at the beginning of the second layer and aligned
with the source (see Fig. 4.4).
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Figure 4.4: Geometry used for the simulation. The detection region is a volume of
1 ⇥ 1 ⇥ 1m m .
4.2.2 Optical properties
The absorption coe cient and reduced scattering coe cient of intralipid [Michels
et al., 2008] are shown in Fig. 4.5 for a concentration of 1%. It can be noted that
intralipid follows the absorption of water at wavelengths between 700 nm and 900
nm. In this case scattering in the medium is 100 fold larger than absorption.
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Figure 4.5: Optical properties of intralipid 1%: A, absorption coe cient (data
from [Prahl] for the absorption of water); and B, reduced scattering coe cient
(approximated data from [Michels et al., 2008]).
The absorption of India ink (Higgins, Chartpak Inc; Leeds, MA) was measured
using a white source (HL-2000-FHSA, Ocean Optics) and a 2 mm glass cuvette for a
concentration of 0.01 % V/V. The transmission of deionised water was also measured
for reference. The resulting absorption coe cient of ink is shown in Fig. 4.6 A. The
130 RdPSA-2014Monte Carlo simulations
reduced scattering coe cient of ink is shown in Fig. 4.6 with data from [Madsen
et al., 1992].
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Figure 4.6: Optical properties of India ink: A, absorption coe cient (measured);
and B, reduced scattering coe cient (data from [Madsen et al., 1992]).
Blood absorption was speciﬁed by the absorption coe cient of oxy-haemoglobin
(SO2 = 100%) at a concentration of 15 g/dL (Fig. 4.7). The scattering of blood was
considered as constant over the wavelength range with a value of µ0
s =2 .25 mm 1.
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Figure 4.7: Absorption coe cient of oxy-haemoglobin (data from [Prahl]).
4.2.3 MC analysis
Three cases were simulated as shown in Table 4.1, where d is the thickness of the
ﬁrst layer (see Fig. 4.4). A total of 7 ⇥ 105 photons were launched for each of the
simulations at wavelengths from 700 nm to 900 nm every 40 nm. The results are
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shown in Fig. 4.8.
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Figure 4.8: Photons detected at the sample, according to MC simulations for the
samples A, B, C, and D described in Table 4.1.
Table 4.1: Simulated media used for the ﬁrst and second layer
Sample Layer 1 Layer 2 d (mm)
A intralipid 0.1% India ink 6, 7, 8
B intralipid 1.0% India ink 6, 7, 8
C intralipid 0.1% Oxygenated blood 6, 7, 8
D intralipid 1.0% Oxygenated blood 6, 7, 8
Figure 4.8 A shows a decrease in absorption with wavelength as expected from
ink (see Fig.4.6 A). Analogously, for Fig. 4.8 C, absorption increases as anticipated
from the haemoglobin absorption (see Fig. 4.7 A). For a higher concentration of
intralipid, photons would reach shallower depths at lower wavelengths (Fig. 4.5).
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Figure 4.8 B, shows how absorption increases with wavelength at 6 mm, which would
correspond to an increase in light penetration, while at larger distances the curves
tend to resemble the inverse of water absorption given that photons in the ﬁrst layer
had scatter enough to be absorbed by intralipid. This behaviour is not present in
Fig. 4.8 D, due to the high scattering and absorption by blood.
4.3 Ink experiments
The ﬁrst experiment was performed on the tubing ﬁlled with India ink, and im-
mersed in intralipid. The ink was diluted with deionised water to a concentration of
0.01 % V/V to approximate the absorption of whole of blood with a haemoglobin
concentration of 150 g Hb/L at wavelengths between 700 nm to 900 nm (see Fig.
4.6 A).
The diluted India ink was circulated by means of a peristaltic pump (Watson-
Malow 502S at 10% of maximum revolutions) to prevent overheating of the tubing.
This preventive measure was taken after noticing air bubbles being formed within
the tubing when the ink was left still.
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Figure 4.9: Filling of the tank with intralipid. Here the tubing contains diluted
India ink.
For the experiments shown in this section, the tubing was surrounded by in-
tralipid 0.1%. Although a higher concentration (intralipid 1%) has been used to
mimic physiological properties, intralipid 0.1% was used in preliminary tests to ﬁnd
appropriate ﬁbre-tubing distances to interrogate. The tank with the tubing can be
seen in Fig. 4.9. Control measurements were performed with the tubing ﬁlled with
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water, these acquisitions were done after the acquisitions with ink in the tubing since
the PA signal from the ink was used to align the ﬁbre with the tubing.
The signal from the OPO was attenuated before being coupled to the ﬁbre with
a metallic neutral ﬁlter 05 SN 25 with 32 % transmittance (Comar Optics). The
distal end of the ﬁbre was positioned at approximately 5 mm from the tubing at the
beginning of the experiment. A series of 15 acquisitions were performed every 20
nm from 700 to 900 nm. This was repeated while moving away the ﬁbre from the
tubing by means of a translational stage.
4.3.1 Results
Two sets of experiments were performed with ink. In the ﬁrst, the source power is
slightly higher and the ﬁbre is placed closer to the tubing.
Ink set A
Averaged power delivered by the ﬁbre ranged from 21.1 mW to 38.8 mW as shown
in Fig. 4.10 with the highest value measured at 720 nm. Here and in the following
experiments, the power was measured at the end of the image acquisitions.
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Figure 4.10: Power measured at the end of the optical ﬁbre.
The US/PA images shown in this chapter were obtained from the frames after
the processing mentioned in 4.1.2. Each set of frames obtained for a given distance
was normalised by the maximum value of the PA signal within ROIPA from the
entire set comprising all wavelengths. These frames were then compressed and av-
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eraged to show the ﬁnal image with the corresponding superimposed ROI region.
It is important to note that this last processing was performed only for the image
presentation, the wavelength analysis of the PA information was made using the
frames as obtained from 4.1.2. Figure 4.11 show averaged images from the frames
at 800 nm for the tubing ﬁlled with ink.
AB
ROIPA
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Tank bottom
Tubing
Figure 4.11: Composed PA and US image for the tubing ﬁlled with ink at: A 4m m ,
B 6.5 mm. The tubing was immersed in intralipid 0.1%.
Each image is the composition of the US and the PA image at the speciﬁed
distance. The colour bar here, and in the rest of the ﬁgures, uses a 256 colour
scale from which 64 values are used for the PA heat-map, and the rest are used
to create a conventional grey-scale US image. Brighter colours in the PA signal
represent higher intensities. The region enclosed in red corresponds to the ROIPA,
while the region enclosed in green (only shown in the ﬁrst frame) is the region
corresponding to ROInoise for the image processing. The initial ﬁbre-tubing distance
was calculated from the US images, further distances were referred to this one from
the measurements at the translational stage. Images were obtained at four distances:
4.0, 4.5, 5.5 and 6.5 mm. Figure 4.11 A and B show the composed US and PA images
at 4 mm and the farthest at 6.5 mm respectively. There is no evident PA signal in
the images in Fig. 4.11, which could be caused by the image normalization with a
frame with a very high signal.
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Figure 4.12: Photoacoustic signal from the tubing ﬁlled with: A, water and B,I n d i a
ink with the tank surrounded by intralipid 0.1%. In the case of water, most of the
PA signal fell under threshold levels, leaving just the point shown by the arrow.
Figure 4.12 shows the intensity of the processed signal within ROIPA for the
control experiment (Fig. 4.12 A), and ink (Fig. 4.12 B), against the wavelength
of the excitation light. Each point of the plot corresponds to the median of the
acquisitions remaining after the ﬁltering, with the error bars showing the median
absolute deviation.
Almost all the values within the ROIPA for the control measurements were
ﬁltered, and no variation was observed while the ﬁbre was moved away from the
tubing. Large changes were observed with ink, where a decrease of the PA median
with wavelength can be noticed at short distances. This decrease was expected given
the ink absorption (see Fig. 4.6 A). However, low intensity at wavelengths under
750 nm (not present in the simulations) was evident in the results at 6.5 mm.
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The action of the ﬁlter in the control measurements at 4.5 mm was analysed to
determine the level of the signal prior to ﬁltering and verify whether the frames were
recorded. Figure 4.13 shows the mean PA value at ROIPA, and ROInoise together
with the threshold level at each frame. The value noted in Fig. 4.12 A is pointed to
by an arrow.
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Figure 4.13: The mean PA value from all the frames at 4.5 mm and the tubing
ﬁlled with water are shown in red dots. The green dashed line correspond to the
threshold level. The only value that passes the threshold is pointed to by an arrow,
and corresponds to the value shown in Fig. 4.12 A.
The photoacoustic intensity from ink against distance at 700, 800, and 900 nm is
shown in Fig. 4.14 to analyse the evolution of the signal. The expected exponential
decay after the absorption in ink is not observed in the curves, which may be sign
of possible misalignment of the system, and errors in the ﬁne adjustment of the
distances in the translational stage where the ﬁbre was mounted. As noticed from
the highest amplitude at 800 nm and the lowest at 900 nm, the signal exhibits an
intensity rise followed by a decay with wavelength instead of a monotonous decay
from ink absorption (see Fig. 4.6 A).
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Figure 4.14: Variation of the photoacoustic signal from ink in the selected ROI at
di↵erent distances.
Ink set B
Averaged power delivered by the ﬁbre ranged from 19.8 mW to 34.9 mW as shown
in Fig. 4.15 with the maximum amplitude around 720 -740 nm.
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Figure 4.15: Power measured at the end of the optical ﬁbre.
Figure 4.16 shows averaged images from the frames at 800 nm for the tubing ﬁlled
with ink. The region enclosed in red corresponds to the ROIPA, while the region
enclosed in green is the region corresponding to ROInoise in the image processing.
Images were obtained at four distances: 6.0, 6.5, 7.0 and 8.0 mm. Figure 4.16 A and
B show the composed US and PA images from the closest distance at 6.0 mm and
the farthest at 8.0 mm. PA signal in the ROIPA can be observed in both images,
and the intensity within the ROIPA for the ﬁbre at 6 mm is visibly higher than that
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at 8 mm.
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Figure 4.16: Composed PA and US image for the tubing ﬁlled with ink at: A 6m m ,
B 8 mm. The tubing was immersed in intralipid 0.1%.
The intensities of the signal within ROIPA against wavelength for the control
experiment and ink, are shown in Fig. 4.17 A and B respectively. Each point of the
plot corresponds to the median of the ﬁltered acquisitions with error bars showing
the median absolute deviation.
In contrast with the previous experiment, here most of the frames from water
remained after the ﬁlter, and no signiﬁcant change was observed for these con-
trol measurements at di↵erent distances. Compared to the control measurements,
larger changes were observed for ink (4.17 B), where a decrease in the intensity at
wavelengths under 750 nm can be observed at all distances. The closest distance
interrogated here (6 mm) is in the order of the furthest distance interrogated in
the previous experiment (6.5 mm), where low intensities under 750 nm were also
present.
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Figure 4.17: Photoacoustic signal from the tubing ﬁlled with: A, water and B,I n d i a
ink for the tank surrounded by intralipid 0.1%.
PA response at 6 mm is shown in Fig. 4.18 together with the computer simulation
for the same distance. It can be noted that the simulated absorption holds no
resemblance to the experimental PA signal where very low amplitude is found at
wavelength below 740 nm followed by a rapid signal increase at 760 nm. One source
of disagreement between the curves can be attributed to the variation of true optical
parameters of the media and those used for the simulations. However, the geometry
of the problem is expected to be the main cause of nonconformity.
Absorption in the simulations is the result of the integration of all the events
taking place in the detection volume. Absorption by ink is therefore enhanced by
photons coming from all directions into the volume. For the experiments, the PA
signal comes from the boundary of the sample. Given the low scattering of ink,
absorption would depend on the distribution of light arriving from the top of the
140 RdPSA-2014Ink experiments
sample. In this case the incoming light is shaped by the intralipid and reaches low
penetration at short wavelengths. Attenuation of the incoming light due to water
absorption would also be expected at long wavelengths when the distance to the
tubing increases.
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Figure 4.18: PA response at 6 mm and the correspondent result from the MC
simulation (Fig 4.8 A). Each curve is scaled by the value of its amplitude at 900 nm.
The intensity of the photoacoustic signal against distance at 700, 800, and 900
nm, is shown in Fig. 4.14. An exponential decay of the signal at 700 and 800 nm
was observed. The non-exponential decay at 900 nm is probably due to errors in the
adjustment of the distance as mentioned before. In this case the highest amplitude
was measured at 800 nm, but in contrast to the previous case (Fig. 4.14), the lowest
amplitudes were obtained at 700 nm.
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Figure 4.19: Variation of the photoacoustic signal from ink in the selected ROI at
di↵erent distances.
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4.4 Blood experiments
In order to analyse the PA response of blood, a second experiment was performed
replacing the content of the THV-500 tubing with a RBC solution prepared by di-
luting human RBCs (from expired donations) with PBS 0.01 [M] in a proportion to
obtain the equivalent of 40% HCT. The RBC solution was oxygenated by stirring;
CO-oximeter measurements took place during this process until no further increase
of oxygenation level was achieved. After leaving the solution to rest for about 2 min-
utes, it was circulated by means of the peristaltic pump used in the previous exper-
iment, which in this case also helped to avoid cell sedimentation within the tubing,
and damage to the cells caused by heat. Oxygen saturation and haemoglobin content
of the RBC solutions were measured with the IL682 CO-oximeter (Instrumentation
Laboratory, Massachusetts, USA).
Figure 4.20 shows the absorption coe cient of blood for the measured values of
SO2 and haemoglobin concentration of two RBC solutions (Table 4.2). It can be
noted that the absorption coe cient is lower but do not vary signiﬁcantly from that
used for the simulations (Fig 4.6 B), so that comparisons with them are still valid.
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Figure 4.20: Absorption coe cient for the oxygenation values of the prepared RBC
solutions (data from [Prahl]).
Table 4.2: Haemoglobin concentration and oxygen saturation of the RBC solutions
Sample Hb
(g/dL)
%SO2
beginning
%SO2
end
A 13.3 94.1 96.8
B 12.2 97.4 98.1
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Two sets of acquisitions were performed, one for each of the RBC solutions in
Table 4.2. The tubing containing the RBC solution A was surrounded with intralipid
0.1 % as was the case for the ink, while the RBC solution B was immersed in a tissue-
like concentration of intralipid 1%. The tank and the position of the tubing can be
seen in Figures 4.21 to 4.22.
Optical 
fibre
Ultrasound 
detector
Acoustic
absorber
Figure 4.21: Placement of the ﬁbre within the tank prior to be ﬁlled. The ﬁbre is
aligned with the tubing.
AB
Fibre tip
Target
tubing
Figure 4.22: Filling of the tank with intralipid. Here the tubing contains RBC
solution.
Here, the signal from the OPO was attenuated again with the 05 SN 25 metallic
neutral ﬁlter, and the ﬁbre was positioned at approximately 5 mm from the tubing.
A series of 30 acquisitions were performed every 10 nm from 700 to 900 nm. This
was repeated while moving the ﬁbre away from the tubing.
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4.4.1 Results
RBC solution A
Averaged power delivered by the ﬁbre ranged from 15.9 mW to 31.2 mW as shown
in Fig. 4.23 with a maximum at 740 nm. This ﬁrst set of experiments correspond
to the RBC solution A (see Table 4.2) and the tank ﬁlled with intralipid 0.1%.
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Figure 4.23: Power measured at the end of the optical ﬁbre.
Figure 4.24 shows averaged images at 800 nm for the tubing ﬁlled with the
RBC solution A. As in the previous ﬁgures, the region enclosed in red corresponds
to the ROIPA, while the region enclosed in green in the ﬁrst frame, is the region
corresponding to ROInoise. Images were obtained at four distances: 6.0, 6.5, 7.0 and
8.0 mm. Figures A and B show the composed US and PA images at 6.0 mm and
8.0 mm. Image artefacts due to reﬂections by the tubing are pointed in each image.
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Figure 4.24: Composed PA and US image for the tubing ﬁlled with the RBC solution
(A from Table 4.2) at: A 6 mm, and B 8 mm. The tubing was immersed in intralipid
0.1%. A1 and A2 point to artefacts in the image originated by reﬂections at the
lowest side of the tubing.
The amplitude of the signal at ROIPA against wavelength for water and the
RBC solution A is shown in Fig. 4.25 A and B respectively. No signiﬁcant change
in amplitude was observed for the control measurements at di↵erent distances, but
an increase of signal at larger wavelengths can be noted. Stronger changes due
to distance were present for the blood sample. An increase with wavelength was
present at all distances as expected from blood absorption (see Fig. 4.20). However
an unanticipated peak with large variation of the median at 710 nm was observed.
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Figure 4.25: Photoacoustic signal from the tubing ﬁlled with: A, water and B,R B C
solutions for the tank surrounded by intralipid 0.1 %.
Mean PA values for the frames obtained at 6 mm and wavelengths of 710 nm
and 800 nm are shown in Fig. 4.26 for comparison, and to verify whether the 710
nm peak was due to an outlier in the data. A larger variability of the values can
be noticed in Fig. 4.26 A, for 710 nm. To further emphasize the amplitude increase
and variability of this peak the mean PA values at ROIPA before normalisation are
plotted in Fig. 4.27. This ﬁgure shows that the variation at 710 nm is due to the
widely distributed intensities with no evident outliers such as those clearly seen at
730, 880 and 890 nm.
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Figure 4.26: The red dots show the mean PA value at 6 mm and the tubing ﬁlled
with the RBC solution A for all the frames at two speciﬁc wavelengths: A 710 nm,
and B 800 nm. The green dashed line correspond to the threshold level. Compared
with values at 800 nm, the mean values at 710 nm show large variability and higher
intensity, with most of the values falling above noise levels.
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Figure 4.27: Mean PA values at ROIPA after ﬁltering and before normalisation.
The square encloses the data at 710 nm showing the distribution of the mean PA
values. Compared with other wavelengths the outliers can be visually identiﬁed, the
points at 710 nm are more distributed among the range of values.
Figure 4.28 shows the PA signal at 6 mm together with the correspondent simu-
lation of blood absorption with a layer of intralipid 0.1 %. Good agreement between
the curves is observed. A possible reason is that the large scattering and absorption
of blood in the simulations causes light being absorbed rapidly after entering the
second medium, thus preventing the inﬂuence of photons coming from any other
direction than the top.
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Figure 4.28: PA response at 6 mm and the correspondent result from the MC
simulation (Fig 4.8 C). Each curve is scaled by the value of its amplitude at 900 nm.
The intensity of the photoacoustic signal from blood surrounded by intralipid
0.1% is plotted against distance at 700, 800, and 900 nm in Fig. 4.29. An exponential
decay was observed for all the curves. Larger intensities were present at longer
wavelengths despite the rise of the signal at 710 nm shown in the previous ﬁgure.
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Figure 4.29: Variation of the photoacoustic signal from blood in the selected ROI
at di↵erent distances.
RBC solution B
These experiments correspond to the RBC solution B (see Table 4.2) and the tank
ﬁlled with intralipid 1 %. Averaged power delivered by the ﬁbre ranged from 18.9
mW to 33.2 mW as shown in Fig. 4.30 with a maximum at 740 nm.
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Figure 4.30: Power measured at the end of the optical ﬁbre.
Figure 4.31 shows averaged images at 800 nm for the blood-like target. Images
were obtained at: 4.0, 4.2, 4.5, 5.0, 5.5 and 6.0 mm, shorter distances were required
because lower light intensity reached the tubing due to the high intralipid scattering.
Figures 4.31 A and B show the composed US and PA images at 4.0 mm and 6.0
mm. Image artefacts are also present in these images showing the reﬂection of the
tubing wall.
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Figure 4.31: Composed PA and US image for the tubing ﬁlled with the RBC solution
B (Table 4.2) at: A 4 mm, and B 6 mm. The tubing was immersed in intralipid
1%. A1 and A2 point to artefacts in the image originated by US reﬂections at the
lowest side of the tubing.
Intensities of the signal for the control experiment and the RBC solution are
shown in Fig. 4.32 A and B respectively. Here, large changes were observed in
the control measurements, especially at 4.5 mm, exhibiting noisy behaviour, which
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could be possibly caused by an unintentional movement of the system. Aside from
the signal at 4.5 mm, the rest of the measurements from water showed similar
decrease in intensity with distance, and the peak at 710 nm was present, contrary
to the control measurements in Fig. 4.25 A. Stronger changes due to distance and
an intensity peak at 710 nm were observed in the results from blood (4.32 B).
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Figure 4.32: Photoacoustic signal from the tubing surrounded by 1.0% intralipid
and ﬁlled with: A, water and B, RBC solution B.
Figure 4.33 shows again the PA signal at 6 mm together with the correspon-
dent simulation of blood absorption with a layer of intralipid 1%. Good agreement
between the plots is also found in this case.
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Figure 4.33: PA response at 6 mm and the correspondent result from the MC
simulation (Fig 4.8 D). Each curve is scaled by the value of its amplitude at 900 nm.
In order to analyse the largest distances at which blood was detected, the PA
signal from the control measurements at 4, 5, and 6 mm, and the signal from the
RBC solutions at 5.5 and 6 mm are shown together in Fig. 4.34. The peak at 710
nm is more evident here for measurements of water at a distance of 4 mm. When
compared to the PA signal of water at the same distances, the signal from blood
can still be di↵erentiated mainly at longer wavelengths for which oxyhaemoglobin
exhibits higher absorption. Here, blood PA response at 900 nm is about two fold of
that for water for a 6 mm ﬁbre-tubing separation.
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Figure 4.34: Comparison of the PA signal obtained with water and the farthest
distances measured with the RBC solution.
The intensity of the photoacoustic signal against distance is shown in Fig. 4.35.
An exponential decay at 900 nm was observed. Decay of the signal at 800 nm and
900 nm, however do not exhibit a smooth exponential decay, and the amplitude
of the signal at 700 nm overtakes the value of the signal at 800 nm for the clos-
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est ﬁbre-tubing position, although this comes from the unexpected 710 nm peak.
With exception of this point, the amplitude of the signals showed an increase with
wavelength.
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Figure 4.35: Variation of the photoacoustic signal from blood in the selected ROI
at di↵erent distances.
4.5 Discussion
This chapter introduced the possibility of using multispectral photoacoustic imaging
for the detection of a blood vessel during a needle puncture. The prompt detection
of vascularities may be crucial while performing peripheral nerve blocks, where a
vessel puncture could lead to toxicity and haematoma.
The photoacoustic technique proposed here uses illumination from an optical
ﬁbre that can be ﬁtted into a needle. In comparison with surface illumination,
placing the ﬁbre into the needle would overcome any movement restriction imposed
from attaching the illumination system to the ultrasound detector. As emphasized
in the work of [Piras et al., 2013], in this conﬁguration the needle could still generate
a PA signal from the (illuminated) needle tip where the ﬁbre’s end would be placed.
This feature would be useful to discern the distal end of the needle from the rest
of its metal body in a transversal view. During the experiments shown here, the
ﬁbre was not placed into a needle in order to have good control over the position
and alignment of the ﬁbre, tubing, and detector. The coating diameter of 1035 µm
of the actual ﬁbre would allow to use needle gauges up to 17 gauge (1.473/1.067
mm OD/ID). If used within a needle, the ﬁbre could be placed into the stylet to be
safely removed after the injection point has been located [Balthasar et al., 2012b],
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in this case larger gauges or smaller ﬁbres would be required.
A very advantageous feature of this PA technique is that acoustic detection
instruments (such as the one use in this research) are being built in cases similar to
US probes. Therefore, there will be no added complexity to the current US guidance
technique.
Aside from the real time image being displayed for the evaluation by the physi-
cian, another factor to be taken into account in a clinical setting is the wavelength
dependant information, which in this work has been post-processed. One option to
gain information from the multispectral possibilities of the technique in a real-time
setting is to use the (known) spectral response of the needle material so that the
photoacoustic signal coming from the needle tip could be used as a reference for the
photoacoustic response of the target tissue. In this way, a smaller set of selected
wavelengths could be use to di↵erentiate between speciﬁc tissues.
The results for four acquisition sessions were presented. In the ﬁrst two, a tubing
with ink was imaged in a medium with intralipid 0.1 % . For one experiment, the
power was slightly higher than the other and ﬁbre-tubing distances were shorter.
Next, two set of tests were performed with the tubing ﬁlled with RBC solutions.
The experiments were performed with the tubing immersed in intralipid 0.1 % and
1% in each case. The second set was interrogated at closest distances given that the
higher scattering of the intralipid 1% attenuated more rapidly the signal.
As it was seen in Eq. 1.20, the properties of the sample inﬂuencing the PA signal
are the illumination, the absorption and scattering coe cient, and the Gr¨ uneisen pa-
rameter. At room temperature the Gr¨ uneisen parameter has a value of 0.11 and 0.25
for aqueous solutions and blood respectively [Oraevsky et al., 1997; Cox et al., 2009]
(so it might be expected a larger PA response from blood when ink’s absorption is
matched). Assuming constant Gr¨ uneisen parameters and an absorption-dominated
process at the sample, the photoacoustic response was expected to be mainly de-
pendant on the illumination of the sample and its absorption coe cient.
The illumination of the sample in this case depended on laser power, the in-
tralipid optical properties, and the ﬁbre-tubing distance. The power of the light
delivered to the tubing was wavelength dependant being highest for wavelengths
around 740 nm. This condition was compensated by normalisation of the output by
the power measurements taken at the end of the image acquisition. As seen from
Figs. 4.15, 4.10, 4.23, and 4.30, the delivered power by the ﬁbre di↵ered, but it was
assumed to remain approximately constant during the time of the experiment.
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Signal decay after the passage of light through intralipid was expected to be ac-
centuated by the chromophore within the tubing. To corroborate this, the intensity
of the signal was plotted against distance at di↵erent wavelengths, but the curves
did not exhibit a rapid exponential decay in all cases. It is possible that the distance
for the ink experiments shown in Fig. 4.14 was not well registered (i.e. human error
due to parallax). Additionally, misalignments of the system could also be a source of
error in these plots. The size and extent of the ROI may also have been inﬂuencing
the curves.
In the 700 to 900 nm range, water absorption is very low and no PA signal was
expected. However, with exception of the ﬁrst session of acquisitions, control mea-
surements in water exhibited considerable absorption and wavelength dependence.
In this case, the PA signal obtained with water may have been inﬂuenced by the
blood measurement carried beforehand for alignment.
In Fig. 4.5 the scattering by intralipid is higher at shorter wavelengths, so that
light reaches shallower depths than it does at larger wavelengths. This phenomenon
would help to explain the signal decrease with distance observed at short wavelengths
in ﬁgures 4.12 B from ink and the rapid decrease in the 710 nm peak for ﬁgures 4.25
B and 4.32 B.
The PA response in Fig. 4.18, signiﬁcantly di↵ers from the absorption trend
expected to be following from the simulations. In this ﬁgure lower PA signal is
detected at wavelengths below 750 nm followed by a rapid increase in signal and a
decay afterwards. The experiments with the RBC solutions showed good agreement
with simulations (see Figs. 4.28 and 4.33).
MC simulations helped to estimate the trend which PA signals would follow from
tissue absorption. As already mentioned, MC results come from rough approxima-
tions of the geometry and optical parameters so that in Fig. 4.18 may indicate that
higher scattering from intralipid was present at shorter wavelengths in a way that
fewer photons remained to be absorbed at the tubing. Further, the MC simula-
tion for the blood experiment points out the rare peak at 710 nm addressing the
possibility that this peak originates from other causes than the presence of RBCs.
An increase in intensity and variation of the PA signal around 710 nm was ob-
served for the RBC experiments. Although intralipid is responsible of attenuating
rapidly the signal at larger distances, the origin of the speciﬁc rise at 710 nm re-
mained unclear.
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Possible trigger issues may have also a↵ected the experiments increasing the
median absolute deviation. Imperfect synchronization of the acquisition with the
laser pulses may have some frames been created by either no pulse or by portions of
two pulses instead of by one single laser pulse. In an e↵ort to mitigate this problem,
multiple acquisitions were taken at each wavelength and the median was reported,
however a better solution is needed.
Overall, the multispectral feature of the method resulted in distinguishable sig-
nals from India ink and the RBC solutions. For the more realistic scenario shown
here with the RBC solution in intralipid 1% , signal from a ﬁbre tubing distance of
5 mm was obtained with values above those of the control measurements.
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Blood vessels encountered during a needle or catheter insertion are delicate struc-
tures. Consequences of a vascular puncture vary among procedures, in some cases
carrying severe complications such as cardiac arrest [Mulroy, 2002]. In this the-
sis, the versatility of optical guides was explored for the detection of blood during
minimally invasive and anaesthesiology procedures.
Reﬂectance spectroscopy with a double clad ﬁbre was investigated for the dif-
ferentiation of venous and arterial blood. The small size of the ﬁbre o↵ers great
versatility for its integration into a number of medical devices and their respective
accessories such as stylets and guidewires. Computer simulations showed that the
double clad ﬁbre was able to respond to SO2 variations, and experimentally mea-
sured slopes of the response curve (Fig. 2.17) conﬁrmed this sensitivity to SO2
changes showing repeatable values. When crossing from oxygenated (100% SO2)
to deoxygenated (70% SO2) blood an increase of the signal was detected. This dis-
crimination would be particularly valuable for the conﬁrmation of a correct puncture
during procedures such as venous cannulation, or during a transseptal puncture.
Reﬂectance spectroscopy via optical epidural catheter was tested ex vivo in the
lumbar region of a swine. The haemoglobin parameters extracted from the spectra at
796 and 545 nm and the average intensity showed qualitative di↵erentiation between
tissues including withdrawn blood (extracted less than 2.5 hours after death). An
automated method for discrimination between blood related and non-blood related
tissues was tested using a set of spectra recorded on ex vivo chicken tissue. This
approach employed information from a larger number of wavelengths to improve
tissue classiﬁcation. A simple classiﬁer, based on logistic regression, was able to
classify blood and non-blood related tissues with an accuracy of 98%. It is important
to note that in this case blood related tissues included vessels of various sizes, and
that these intact vessels were interrogated by placing the probe on their surface.
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The aforementioned methods for haemoglobin detection rely on reﬂectance spec-
troscopy, a purely optical method, that is limited by the attenuation of light in
biological tissue. The double clad ﬁbre, for instance, might be suited for in situ ver-
iﬁcation of a correct puncture, while the optical catheter would be suitable for the
monitoring of catheter migration. However the physician may want to receive feed-
back while manoeuvring a device prior to speciﬁc procedures. Thus, photoacoustic
imaging was examined as a possible option for invasive device placement.
It was possible to acquire and display in real time simultaneous conventional
ultrasound image and a photoacoustic image from an illuminated target, which
would help to take more informed decisions in a clinical context. Experiments with
solutions of India ink and of RBC’s showed distinguishable patterns of the photoa-
coustic multispectral signals. Based on the expectations from MC simulations, it
was possible to highlight the importance of the close environment of the structure
being imaged, since it would a↵ect the amount of light reaching the structure. The
multispectral curves from blood did not show a homogeneous increase in the pho-
toacoustic signal as expected, but exhibit a peak in the amplitude at 710 nm, which
needs to be explored further. Using the system described, photoacoustic imaging
was used to detect a signal at a distance of up to 5.5 mm from a target within the
blood-like solution.
A limitation of the prototypes mentioned above and their use of optical ﬁbres is
the direct connectorisation of light sources and detectors. For instance, during an
epidural procedure a Tuohy needle is ﬁrst placed into the epidural space and then
a catheter is placed into this needle. After the catheter is advanced to the desired
position the Tuohy needle needs to be removed. The needle is then gently pulled
out while providing counter-traction to the catheter. With the current optical ﬁbre
connections, a needle could not be freely removed from the catheter.
In the case of the DCF, experiments were limited to samples which simulate
concentrations of blood at physiological levels in normal conditions. However, it
is also important to consider cases in which patients su↵er from a condition or
disease that alters their blood properties. Distinction between deoxygenated and
oxygenated blood in a clinical scenario may be hampered in patients with diseases,
such as congenital heart disease [Oliver Jr. et al., 1997], where venous and arterial
blood is combined. The results shown here suggest that the response to changes
in oxygen saturation were not strongly dependant on haemoglobin concentrations.
However more experiments employing a larger range of haemoglobin concentrations
would help to determine whether this ﬁbre is capable to resolve such di↵erences.
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tissue of interest can be obtained, the safety limits on the amount of delivered
energy (20 mJ
cm2 [Kim et al., 2010]) is not yet being taken into account. Therefore,
the detection distances with the present system would become shorter under this
restriction.
As mentioned previously, the actual distance over which a needle with an optical
ﬁbre would detect a blood vessel will depend not only on the laser energy, but also on
the tissue structure. In this thesis the case of a homogeneous medium surrounding a
blood vessel was analysed. However, it is possible to encounter multiple structures
and tissues (e.g. muscle, ligament, fat) in the path of the needle that also modify
the light distribution between the probe and the vessel. Ultrasound can be used to
image the shape and size of the structure of interest together with the adjacent areas,
which can be then used to infer the cause of unexpected features in the PA signal.
Yet, this analysis would require previous knowledge of the optical characteristics of
the tissues.
Improvements in the optical catheter would include the connection design and
the manufacture of a more ﬂexible prototype. In this case contact-less coupling will
be necessary due to the nature of the catheter insertion which requires a needle to be
removed from around the catheter. Here the connectorisation may involve dissolving
the material of the catheter body in a very reduced area enough to expose the optical
guides for illumination and light detection. In this case the connection would leave
most of the catheter material in place, waiving the need of attaching another catheter
for the feeding of the device.
Since catheters are used for continuous drug administration, the e↵ect of an
injected substance in the region surrounding the catheter distal end will need to be
investigated. It is possible that the presence of delivered drugs, and that of other
chromophores like carotenes in the epidural space would still allow for the detection
of blood vessels given the strong haemoglobin absorption, yet they may limit light
penetration, reducing the distance at which a vessel can be detected.
In terms of getting closer to an automated tool, a greater amount of spectral
data needs to be obtained from the epidural region and intact blood vessels within
the region in order to train the classiﬁcation algorithm. After such training, the
automatic detection method could be tested and evaluated. With a larger set of data
it may be possible to add the di↵erentiation of veins and arteries to the classiﬁcation
problem.
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To improve the utility for the DCF in a clinical setting a prototype of the inte-
grated needle and ﬁbre needs to be developed, and evaluated in the presence of blood
ﬂow. It will be important to investigate whether the sensitivity varies under this
condition, and how is the noise in the signal been a↵ected. The need for contact-less
optical coupling will depend on the intended application of the device.
Detection of deoxygenated blood may also be explored in order to get a better
scope of photoacoustic blood imaging. The current work was limited to oxygenated
blood to avoid uncertainties in the optical properties due to the presence of yeast
(the de-oxygenation method used through this work). Blood deoxygenation can be
carried out using a mixture of gases as described by [Laufer et al., 2004].
Future research in the use of optical methods in minimally invasive devices may
include the extension of the working wavelength range. The optical ﬁbre materials
used in this project, worked well in the near-infrared range allowing for haemoglobin
detection, but their use at longer wavelengths was not investigated. Research within
an extended wavelength range would potentially allow detection of other chro-
mophores. Distinctive absorption peaks have been identiﬁed for lipids between 900
nm and 1600 nm [Nachab´ e et al., 2010]. The identiﬁcation of lipids in combination
with blood would facilitate the identiﬁcation of a greater variety of tissues.
Another aspect that can be developed in the future is the creation of algorithms
that allow for the quantitative estimation of blood properties such as oxygen satura-
tion and haemoglobin concentration, as well as the presence of di↵erent haemoglobin
forms. In general, being able to obtain quantitative information would provide the
device not only with blood detection capabilities but also with the ability to retrieve
valuable information for tissue diagnosis.
Inverse Monte Carlo methods have been use for the estimation of properties
from reﬂectance spectra [Roggan et al., 1999; Brown et al., 2009], however these
approximations can be very time consuming. On the other hand, quantitative results
obtained from photoacoustic data have proven to be a di cult task mainly by the
non-linear dependence on ﬂuence and actual variations of the Gr¨ uneisen parameter
[Cox et al., 2009]. Moreover, any inverse method may rely on the knowledge of the
optical properties from any tissue that can be encountered during a procedure. The
extraction of tissue’s optical properties can be itself a complicated task as can be
inferred from the variations on the blood optical properties found in the literature
as seen in Chapter 2.
Classiﬁcation algorithms can be explored as an alternative for tissue diagnosis
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data for training and testing, and would result in a set useful only for a particular
region of the body (in contrast with the deterministic methods for which by having
all the optical data available would, in theory, allow for the speciﬁcation of tissue
composition). Moreover, the data set would be highly dependant on the conditions
of the experiment (e.g. instrument variations, and environmental conditions), so
higher control measures would need to be implemented.
However, a promising feature of these classiﬁcation algorithms could be the im-
plementation of a more complex tissue classiﬁcation given a certain group of patients
such as adults and children. For instance, fat cells in the epidural space of children
are smaller and less numerous than in adults [Reina et al., 2006], resulting in a di↵er-
ence of scattering. Age-related diseases can also cause variation in the composition
of the epidural space, such as the formation of epidural haematoma [Reina et al.,
2007]. Therefore, the inﬂuence of various factors in the optical response of tissue
makes this ﬁeld open to further research.
As seen in this thesis, the correct placement of an interventional device is essential
during minimally invasive and anaesthesiology procedures, and the identiﬁcation of a
blood vessel can not only avoid complications, such as bleeding toxicity as mentioned
previously, but can also be used as an indicator of anomalies, such as cancerous
tissues. Identifying and quantifying blood content in tissue will be very useful for
assisting diagnosis and therapy as well aiding placement of interventional devices.
The techniques analysed in this thesis o↵er a relatively simple solution which
make use of devices during common procedures to retrieve information about the
distal end environment. The work presented suggests that the use of optical ﬁbres
coupled to interventional devices such as needles and catheters, are able to feedback
information about the correct placement of the device leading to signiﬁcant beneﬁts
to the patient.
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Preliminary tests (Double Clad
Fibre)
The performance of the DCF (shown in Figure A.1) to detect oxygenation di↵erences
within the wavelength range from 790 to 860 nm was empirically analysed in RBC’s
solutions. The RBC’s solutions were prepared from expired donated red blood cells
diluted with phosphate bu↵ered saline solution 0.01 M to achieve a haematocrit
level about 40%. De-oxygenation of the sample was obtained by adding sodium
hydrosulﬁte.
Figure A.1: Dimensions of the double clad ﬁbre used in these tests.
A.1 Setup
Light from a supercontinuum source (Superlum BLM-S-820) was attenuated by in-
troducing a gap of 7 cm in its pathway and re-focusing the light using a pair of
collimators. Once attenuated, the light was directed via a monomodal ﬁbre to the
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core of a the DCF. The tip of the DCF was placed in direct contact with the sample
whose spectrum was to be acquired. Reﬂected light from the sample was detected
by the inner core of the DCF, and coupled into a multimodal ﬁbre to a spectrometer
(MayaPro, Ocean Optics, Inc). The setup is shown in Figure A.2.
Figure A.2: Experimental setup. A broadband light source deliver light to the DCF
single-mode core. The detected light at the inner cladding is sent to a spectrometer
and the data are acquired with LabVIEW.
A.2 Stability of the SO2
One problem when dealing with ex vivo blood experiments is that exposure to
air at room temperature can be enough for the blood to fully oxygenate. This
is particularly problematic when performing measurements at speciﬁc oxygenation
values. Since the present work deals with this situation, a time window where
the oxygenation values remain relatively stable was estimated. For this purpose,
deoxygenated RBC solutions were monitored over time.
Two 15 mL RBC’s solutions (sample A and B) were prepared by mixing RBCs
and PBS. For deoxygenation, 2.5 mg/mL and 5 mg/mL of sodium hydrosulﬁte were
added to sample A and B respectively. The samples were left for about an hour in
a closed container. After this time the achieved decrease in oxygenation was from
85.3% to 74.9% for sample A, and from 86.0% to 70.9% for sample B.
The two blood samples were then left in an opened container to rest for an
hour at room temperature, and the value of oxygenation was taken at 0, 10, 20
and 60 min. The results of these measurements are shown in Table A.2.T h e s e
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data give an estimate of the time window within which no signiﬁcant changes in
the oxygen saturation of blood are expected. For the achieved oxygenation levels, it
can be assumed that that saturation values were stable during the ﬁrst 20 min after
deoxygenation was achieved.
Table A.1: Oxygenation increase during an hour, starting from the lowest oxygena-
tion value achieved.
0 min 10 min 20 min 60 min
Sample A 74.9% 74.9% 76.2% 77.7%
Sample B 70.9% 71.3% 72.1% 73.5%
A.3 Response to SO2
The deoxygenated sample B was gently stirred for allowing gradual re-oxygenation.
CO-oximeter and spectroscopic measurements were taken consecutively at di↵erents
steps during this process, and after having rest the sample for a couple of minutes
after each stirring. Re-oxygenation was achieved to 90.8%. Figure A.3 a shows three
of the resulting spectra for a SO2 of 70.9%, 80.8%, and 90.8%.
Figure A.3 b shows the intensity from all the achieved oxygenation levels of
the sample at 790, 825, and 860 nm. Overall tendency in the amplitude of the
signal suggests low sensitivity of the ﬁbre to di↵erentiate spectra over the studied
wavelength range which might be caused by the small di↵erences of haemoglobin
absorption at those wavelengths, together with the inﬂuence of possibly variant
scattering.
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Figure A.3: a)Spectral measurements taken at di↵erent oxygenation values. Black
and red lines correspond to the mean value and standard deviation of a set of 100
spectra acquired at each measurement. b) Intensity from all the oxygenation steps
of the sample at 790, 825, and 860 nm
The results of this series of experiments revealed two main points that had to
be tackled for the following experiments: 1) sodium hydrosulﬁte was not able to
deoxygenate the RBCs for more than 20%, which is not ideal given that some batches
of the RBC donations were almost fully oxygenated; 2) absorption changes in the
range of 790 to 860 nm are not enough to produce an oxygen dependant response
with the small source-detector separation of the ﬁbre.
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Photoacoustic detection,
additional steps
As mentioned in Section 4.1.1, both, the US and PA response are detected by the
Winprobe system which carries out data acquisition, beam-forming and image gen-
eration. The system has the capacity of adjusting for tissue depth by means of time
gain compensation for the data acquisition.
After this step, the detected acoustic signal is digitized (at 40 MHz), and the
echos that can be summed together are selected (the echoes coming from the same
point in the tissue). Following, the signal goes through the apodization step, which
is a necessary stage to remove aliasing e↵ects due to data sampling.
To obtain the envelope of the signal, a Hilbert transformation is applied to
the resultant radiofrequency signal so that its magnitude can be estimated. The
resulting envelope is then compressed to 8 bits for display and storage.
As an example of the resulting envelopes, Fig. B.1 a and b show the resulting
image and log(image) of these data respectively using the Matlab function imagesc1.
This information corresponds to the image shown in Fig. B.2 for the tubing ﬁlled
with blood and immersed in 0.1% intralipid, and a 6 separation from the optical
ﬁbre at 800 nm.
These resulting envelopes are the ones being stored in the PA frames, and which
later are processed in Section 4.1.2. Here, the processing focuses on eliminating
1imagesc scales image data to the full range of the current colormap and displays the image.
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blank frames that carries no information, and which were possibly acquired by a
bad synchronisation of the Winprobe system with the laser pulse. This processing
also corrects the data from the uneven power delivered by the laser. After these
steps, the data is used for the analysis of wavelength dependance.
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Figure B.1: Data from the PA experiments for the tubing ﬁlled with blood and
immersed into 0.1% intralipid. a Raw data covering the full color range; b log(image)
covering the full color range.
Additionally, an overlay image (Fig. B.2) is presented. This image was obtained
after normalising the whole set at a given distance with respect to the largest value of
all the regions of interest in the set. The reason behind this is to be able to compare
the amplitude of the PA response at one wavelength with respect to another.
Figure B.2: Processed image (Fig. 4.24 accounting for normalisation over the whole
experimental set and average over number of samples for each wavelength for the
same data used in Fig. B.1.
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